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IV PREFACE. 

He feels that he has no need to apologize to the 
scientific world for describing the most homely con- 
trivances for experiments, knowing that, with simple 
and inexpensive apparatus, the most important dis- 
coveries have been made, and will continue to be 
made, in this science. 

An ignorant man may smile equally upon the child 
blowing soap-bubbles for amusement, and upon the 
grave, thoughtful philosopher contemplating the fine 
colours they exhibit when very thin, and thinking of 
the explanation of them. The philosopher will con- 
tinue nevertheless seriously to contemplate the soap- 
bubble, conscious that he comprehends what he sees ; 
which is beyond the feeble intelligence of the unedu- 
cated. The beautiful and often gorgeous phenomena 
which are continually presented to the observer in the 
experiments of this science, call forth exclamations of 
surprise from even the most ignorant ; and the ques- 
tion, how does this happen? is made with anxious 
countenance by those who are not prepared to under- 
stand the only answer which can be given to their 
own question. The author hopes that this question 
is answered in the present treatise, and in a manner 
comprehensible to all who have sufficient patience for 
the study, without entering into mathematical details. 

He hopes that the mathematical student will find 
the present work an introduction to the science, which 
will enable him to examine for himself the experi- 
ments, and see their bearing upon the received theories. 
In another volume he will discuss mathematically the 
results described in the present treatise. 
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INTRODUCTION. 



When we first endeavour to form an opinion as to what light is, 
we recur to the opposite, darkness, or privation of light, and see 
that light must arise from some luminous origin or shining 
surface, either directly or indirectly. But considering light to 
originate in some self-luminous surface, we recollect that there 
are many which give out light; such as flames of different 
kinds, incandescent substances, as burning charcoal, metals, and 
earths at high temperatures, phosphorescent substances at low 
temperatures, the glow-worm and many insects from animal 
life, the electric light, &c., besides the heavenly bodies whose 
existence is only known to us by the light they give out. With 
such variety of origins we might well despair of forming any 
conclusive opinion upon the nature of light; as we ascend how- 
ever from the more evident properties which it presents, to 
others which are less so, and from these again to others which 
are more and more intimately connected with its essential con- 
stitution, we arrive at the means of judging of its nature, in a 
far higher degree than can be appreciated by those who have 
not followed that course of examination. We are thus led to 
form hypotheses of the nature of light in order to explain the 
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phenomena it presents; these hypotheses ought not to be 
accepted, however, longer than they suffice to that end. 

We call a shining surface self-luminous when the light ori- 
ginates there; but the light from it falling on the surfaces 
of bodies renders them visible also ; visibility meaning the pro- 
perty of being perceived by the eye. In this manner opaque 
bodies acquire a property similar to luminous origins, and it is 
thus that the planets shining by the light they receive from the 
sun, are only distinguished from the fixed stars by their motion in 
the heavens, or by their exhibiting determinate discs when seen in 
telescopes. Here we meet with the property of the reflexion of 
light. It is sometimes regular, as when the light falls on a 
polished surface, like that of water or mercury, the facets of 
many crystals, polished mirrors, &c. ; but in others and the more 
common cases it is irregular, as when it falls on the rough 
surfaces of bodies. These latter are visible by the eye in a great 
variety of positions, by means of this irregularly reflected or di- 
spersed light coming from them ; the former only when the eye 
is so situated as to receive the regularly reflected light, supposing 
them to furnish no dispersed light, which, however, is never 
absolutely the case. 

When light has been reflected, it has generally received new 
properties, and in some cases it is entirely polarized; on the 
other hand, if polarized before reflexion at a surface, the di- 
spersed light is found to have lost its property of polarization, 
and to have become depolarized by reflexion. 

The law of the reflexion of light at polished surfaces is so 
simple, that it has been known from ancient times. When an 
elastic ball is thrown 
against a hard sur- 
face,it rebounds from 
the surface at an an- 
gle nearly equal to 
that with which it 
impinged; the per- 
pendicular drawn to 

the surface at the point of impinging, the original direction of 
the ball and its direction after rebounding lying all in the same 
plane. If the ball were perfectly elastic, the angles would be 
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exactly equal. In the figure, let SA be the direction of motion 
of the ball before striking the hard plane at A, and let AR be 
the direction in which it rebounds, draw also AN a perpendicular 
to the hard surface at A. Then the angles SAN and NAR are in 
the same plane, and the angle SAN equals the angle NAR. It is 
found that the same law holds with respect to the reflexion of 
light. 

Definition 1. A ray of light is the smallest portion of a beam 
of light which we can imagine to exist separately, and it is repre- 
sented by a straight line SA, which is its direction whilst in the 
same medium. In the same way the line AR represents the 
reflected ray corresponding to the ray Fig. 2. 

SA, which is called the incident ray. 
When CAB (fig. 2) is the surface of a 
transparent medium such as water, a 
portion of the light enters the medium 
and is turned out of the original course 
SAS' towards the perpendicular line 
NAN'; this breaking of its course into 
a new direction AT, is called the 
refraction of light. The line AT re- 
presents the refracted ray. 

Def. 2. The angle SAN is called the angle of incidence. 

Def 3. „ NAR „ angle of reflection. 

Def 4. „ TAN' „ angle of refraction. 

That a ray of light is refracted on passing from one medium 
to another of a different _,. „ 

density, is shown by an easy 
experiment. Attach a coin 
with wax to the bottom of 
a cup as at a in fig. 3, place 
the eye at such a position 
e that the coin is hidden 
by the edge of the cup ; if 
now an assistant pours water 
into the cup to some height 
c d, the coin will appear 
over the edge as at cl> and the visual rays must have followed 
the broken course abe to reach the eye ; the refraction at b on 

b2 
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passing from water into air being from the perpendicular to the 
surface. It is found that the course of a ray would be the same 
whichever way it passed, that is, a ray would pass from e to a 
along the jmth eha. 

It was only in late times that the law of the refraction of 
light was discovered by Snellius*, as follows. 

In figure 4, SA, All, AT representing the incident, the 
reflected and the refracted 
rays respectively as in fig. 2, ^" 

measure off a distance Aa 
on the incident ray S A, and 
an equal distance A& on the 
refracted ray AT ; draw 
pcr|)cndiculars am, bn on 
the |KT])endicular line to 
the surface NAN' ; then the 
ratio which ma bears to bn 
is the same whether the 
angles SAN, TAN' be great 
or small ; or otherwise the 

fraction -r- is constantly of 

the same value for all angles of incidence and refraction. This, 
with the condition that the angles SAN and TAN' are in the 
same plane, is called the law of the sines when we use trigono- 
metry, or the law of Snellius. If we put the Greek letter /a for 

the constant value of the above ratio, we have -7— equal to /a, 

which indicating by its value the degree of refraction, we call it 
the index of refraction. 

Now as the refracting medium becomes more dense, the value 

of fi or j— becomes greater. It is about ^ when light passes 

3 
from air into water, about 5 when it passes from air into glass, 

and about ^ when it passes from air into diamond. Inflammable 
substances, however, refract more in proportion to their density 




* Huygens' ' Opera Reliqua,' vol. ii. page 2. 
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than others, which led Newton to believe what has since been 
proved, that the diamond was inflammable. 

The law of the reflexion of light is thus enunciated. The 
incident ray, the reflected ray, and the perpendicular to the 
reflecting surface at the point of incidence, lie all in the same 
plane ; and the angle of reflexion equals the angle of incidence. 

The law of the refraction of light is thus stated. The incident 
ray, the refracted ray, and the perpendicular to the refracting 
surface at the point of incidence, lie all in the same plane ; and 

the sine of the angle of incidence bears a constant ratio (—r) to 

the sine of the angle of refraction. 

Sir Isaac Newton's great optical discovery was this, — that 
white light consists of all the colours of the solar spectrum ; and 
that they are only separated from the other colours when we see 
them, and are not white light (considered simple light) which 
has been changed to coloured light by some means. He found 
that the differently coloured rays arc differently refracted*, red 
being the least, violet the most refracted, and the refraction 
increasing from the red rays, through orange, yellow, green, 

blue, indigo to the violet „. „ 

t. xi- ^_ Fig- 6 - 

rays. From this property, 

a ray of white light which 
is made up of all shades of 
colour is spread into a fen- 
like form when it enters a 
refracting medium oblique- 
ly. In figure 5 this is 
shown by taking SAS' for 
the original direction of 
the ray, and the angle S'Ar 
the deviation for the red, 
the angle S'Av that for the 
violet ray. This constitutes the chromatic or coloured dispersion 
of light. 

When we say that white light consists of all shades passing 
through red, orange, yellow, green, blue, indigo to violet, it is 

* Newton's * Opticks,' Prop. I. Theor. I . — " Lights which differ in colour, 
differ also in degrees of refrangibility." 
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not meant to say that the solar spectrum shows a continuous 
shading of tints through these colours. About the year 1814, 
M. Fraunhofer, using the fine prisms of the manufactory at 
Munich, with which he was connected, discovered that the pure 
solar spectrum contains numerous black lines across it which are 
the places of deficient tints. The figure below, copied of one- 
fourth the size of M. Fraunhofer's* engraving, will serve to 
show the places of some of these fixed lines of the solar spectrum 
of Fraunhofer. 




tied. Onnge.Yell. Green. 



Blue. 



Indigo. 



Violet. 



A triangular chandelier drop, which can be purchased at a 
small price at many glass shops, will serve for an optical prism 
for common use, to form a solar spectrum, by allowing the sun's 
light to shine through it upon a distant sheet of white paper; or 
to look through when we want to analyse lights, colours, and 
dyes ; but to see Fraunhofer's fixed lines we must have a good 
prism. When the prisms of pure glass, with flat and accurately 
polished sides, are not at hand, a hollow prism formed with 
pieces of well and flatly polished plate glass, cemented together 
with japanners' gold size (which can be purchased at the artists' 
colour shops), and filled with water or alcohol, may be well 
employed. The prism need not be more than a cubic inch in 
bulk, and should be used in Fraunhofer's manner, by placing it 
on a support attached on the object end of a small telescope. 

In fig. 6, E being the eye end, and o the object end of a small 
telescope, let ABC be a support of wood, which will slide on the 
end o, and abc the prism, attached with wax or otherwise to the 
support ; a line of light, as de, is to be looked at through the 
telescope and prism, when the chromatic spectrum will be seen 
in the field of view. 

* Denkschriften der Akademie zu Munchen, 1814, 1815. 
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The precautions requiring to be attended to, in order to have 
the spectrum pure, and the fixed lines distinct, are these : first, 

Fig. 6. 

a 
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the line of light de must be narrow, such as light thrown through 
a slit between two knife-edges which are set parallel, and ^th 
to y^th of an inch apart, and it must be parallel to the refract- 
ing edge of the prism ; secondly, the prism must be set so that 
the light makes the same angle with the first surface of the 
prism, when it falls upon it, as it does with the second surface 
when it leaves it, or in figure 7 the angle of incidence at A 
must equal the angle of emergence at B. The angle of deviation 
CaD is about half the angle Fig. 7. 

of the prism for glass, and 
about one-third of it for 
water, when the angle of the 
prism is not large. When _ 
sunlight is examined, it will 
be necessary to have a mir- 
ror to throw the light into a 
darkened room through an opening in a window-shutter, and 
the telescope should be as distant as possible, being set to the 
focus to show the line of light distinctly, before the prism is set 
in its place; and after that is done, the telescope and prism 
must be turned round to the requisite angle of deviation, so that 
the beam on emergence from the prism may pass up the tube of 
the telescope. When artificial lights are examined they must be 
placed behind the narrow slit, and the fixed lines will be found 
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to differ very greatly from those in sunlight, and from each 
other. The double line D, where light is wanting in sunlight, 
is the brightest part in oil-flames, and it is the entire light when 
a spirit-lamp (alcohol) has a little common salt put on the wick. 
This last-named lamp is the one used in delicate optical experi- 
ments where it is necessary to have a homogeneous light, or light 
of one tint only. 

When we come to consider how the laws of reflexion and 
refraction of light may arise physically, it is convenient to con- 
sider the motion of a ray as made up of two motions, one parallel, 
and the other perpendicular to the surface on which the light is 
incident. 

When a body moves with a certain velocity in a direction AC 
(fig. 8), if we take the length AC to represent the velocity, then 
it is shown in mechanical treatises that F - g 

the same velocity would have arisen if 
two velocities represented by AN and 
AM, the sides of the parallelogram of 
which AC is the diagonal, had been 
simultaneously given to the body. Then 
the two velocities are said to be com- 
pounded into one. The recipipcal of 
this is also true, that a velocity in any direction may be con- 
sidered decomposed into two others represented by the sides of a 
parallelogram, of which the diagonal represents the given velo- 
city. The sides of the parallelogram may be at right angles, or 
at any other angle to each other. 

Applying this parallelogram of velocities to rays of light, we 
see that the motion of the ray parallel to the reflecting surface 
is not changed in reflexion, but that the motion perpendicular to 
the surface is reversed, the ray being thrown back perpendicularly 
with the velocity with which it was perpendicularly incident, 
that is, supposing the reflected ray to move with the velocity of 
the incident ray. 

For measuring off the distances Aa, Ad, and Kb (fig. 9) equal 
to each other, then describe parallelograms with these lines for 
diagonals, and with their sides parallel and perpendicular to the 
surface BAC, we shall have the parallel velocities am and md 
equal, and the perpendicular velocity mA of the incident ray 
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equal, but opposite to the perpendicular velocity Am of the 
reflected ray. 

If we suppose the parallel velocity in the refracted ray to be 
unchanged as it is in the reflected 
ray, we must find a point V in 
AT, such that Vii equals am or 
md, and then the perpendicular 
velocity An! must be greater than 
Am, and the whole velocity repre- 
sented by AV must be increased 
also. Now this would imply an 
attraction perpendicular to the 
refracting surface, for the re- 
fracted ray increasing its velocity, 
and a repulsion throwing back 
the reflected ray, but leaving its 
velocity in its own direction, the 
same as in the incident ray. 

Newton and other philosophers have supposed light to move 
quicker* in dense media than in a vacuum from a perpendicular 
attractive force. Huygens had, however, previously supposed 
the velocity to be slowerf in dense media. Some of Newton's 
experiments enabled Dr. Young J to show that light really moves 
slower in dense refracting media according to Huygens's view ; 
and this has been confirmed by very different experiments made 
by M. Fresnel§ and the author ||. Huygens's supposition was 
this, that the velocity of light in a vacuum was to the velocity in 
the refracting medium as the Hue am to the line bn (fig. 4) ; and 
also in fig. 9 if we take Ab equal to Aa. Then the velocities 

have the ratio -j—, which is the refractive index /a, and constant. 
on 

Take in fig. 9 a point W, such that the ratio j^ t equals //,, the 

refracted light will have traversed the space AA", whilst the 



* Newton's 'Opticks,' pp. 69 and 245. 

t Huygens's 'Traite de la Lumiere,' p. 34. 

X Philosophical Transactions for 1802. 

§ Annales de Chimie et de Physique for 1815, vol. i. p. 239. 

|| Philosophical Magazine for 1833, vol. iii. p. 333. 
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reflected light has passed over the space Ad. From this founda- 
tion Huygens showed that the law of the sines must arise as a 
natural consequence, provided light arises from waves iii an 
sethereal medium, in the same manner as sound arises from 
waves in the air; and that a wave may be considered as formed 
by a series of small waves, into which the original light was 
broken in falling upon the refracting surface. This was the first 
proposal of the undulatory theory of light. DesCartes had pre- 
viously proposed a vibratory theory, but had not advanced to an 
undulatory theory. Dr. Hooke, in his ' Micrographia/ not only 
adopts an undulatory theory, but first advances the doctrine of 
interference in light. In order that these vibrations and undu- 
lations or waves may exist, it is required that there should be an 
elastic medium suitable for their transmission ; and it has been 
generally called the luminiferous tether. It is supposed to per- 
vade all space, and to be either of different density or of different 
elasticity within dense bodies to what it is without them, so as 
to travel through them with diminished velocity. 

A similar supposition of the original wave being broken into 
small waves at the surface of the dense medium, enabled Huygens 
to explain the reflexion of light, on the undulatory theory. 

We shall find further on, that this un- K 10 

dulatory theory of light cannot be the true 
theory, yet it has led to the discovery of 
some of the most important properties of 
light ; and the student should understand 
its nature and results. Suppose a stone 
thrown into still water at a place such as 
the center of the fig. 10, there will arise a 
series of circular waves around this point, 
the water rising and falling successively at the center and other 
points of the surface ; and the waves spread in circles outwards, 
but become less and less deep as they are further from the center. 
Each point on the surface of the water has thus a vibratory 
motion ascending and descending, and so gives rise to an undu- 
latory or wave motion upon the surface. The waves diverging 
from the center, spread at right angles to the nearly upward and 
downward motion of the vibrations. These latter are from this 
called transversal vibrations. 
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In the undulatory theory of light, the direction in which a 
wave within the hypothetical aether comes to any point is direct 
from the center or luminous origin, and corresponds to what is 
termed a ray of light ; therefore in general, though not always, 
the ray direction is the perpendicular to the wave. 

There is an essential difference between the waves supposed to 
constitute light and those forming sound in air; both must have 
an origin as center within an elastic medium, but sound arises 
from vibrations in the air in the direction in which the sound 
wave travels, and not at right angles or transverse to it, as the 
phenomena of light require. We can easily see that the vibra- 
tions forming sound must be longitudinal, or in the direction of 
the sound ray, from what takes place as a bell is struck, the side 
of the bell communicating its vibrations to the air in the direction 
in which the sound travels. 

The undulatory theory contains within itself the property of 
periodicity essentially, because the waves arise from the vibra- 
tions of the particles of the aether, and these take place in regular 
periods, as a pendulum swings in regular oscillations. Now the 
oscillations occupy, when they are small, the same time or period, 
whatever their magnitude with respect to each other, and so in 
waves at the surface of water they are less and less deep as they 
are further from the center, yet the vibrations of the particles on 
the surface of the water take place in the same time near the 
center as at a distance from it, and the waves also travel out- 
wards with the same velocity, and maintain the same distance 
from each other nearly. 

The property of periodicity, or as we may call it the regular 
recurrence of phenomena, explains the beats heard when two 
musical notes are sounded together, and the jars of discords on 
the ear, which evidently arise from the sound waves interfering 
with each other. It is easy to see how two series of waves at the 
surface of water must interfere with each other where they meet. 
If the water ought to rise at a given place from one set of waves, 
and fall from another set an equal height, the two tendencies 
being equal and opposite must destroy one another, and leave 
the surface level. If each would cause the water to rise or fall 
at any point, the conjoint effect would be to make it rise to a 
greater height, or fall to a greater depth. Intermediate tenden- 
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cic* would produce intermediate effects, but still there would be 
interference ; ho that when two seta of waves exist at the same 
plan* and time*, the remit* everywhere arc interference results, 
the two sets of wave* passing through each other at the same 
time. 

These can be easily seen by throwing two stones simultaneously 
into a pond of still __ __ 

water, as at the points 
o and o' in the figure, 
and then the waves 
originating simultane- 
ously around each 
origin, the inter- 
ference is regular. If 
we draw a line oo' 
from o to if, and draw 
ab bisecting it ]ier]K k ii- 
dicularly, the inter- 
ference is evidently 
symmetrical on each side of this line ab, and as each point in 
the line ab is at an equal distance from o and o', the waves arrive 
in the same state of vibration, and therefore strengthen each 
other. At some distance on each side of ab, the waves arrive in 
opposite states of vibration, and then destroy each other, as along 
the dotted lines. At a further distance again they strengthen 
each other, as along the continuous curved lines outside the dotted 
ones, and so onwards for many alternations. Now these are 
readily seen on the surface of water, and form the best illustra- 
tion of what occurs in sound. 

An undulatory theory of light therefore involves interference 
of light, two lights coming together sometimes strengthening 
each other, and producing a brighter light, and sometimes 
destroying each other and producing darkness ; and Dr. Hooke, 
Dr. Young, and M. Presnel, adopting that theory, explained the 
occurrence of periodically recurring colours by the doctrine of 
interferences. By their investigations, but especially by those 
of M. Fresnel, who brought high mathematical talents to bear 
upon the subject, the property of interference in light must now 
be considered as demonstrated, although the undulatory theory 
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by which it was discovered will have to be abandoned ; since the 
interference along the line ab turns out to be dark, and not 
bright interference, which it should be by the undulatory theory, 
when the experiment is tried in correct circumstances. 

The occurrence of darkness where brightness should take 
place, and the converse of brightness where darkness should be, 
shows that the mechanical undulatory theory cannot be true. 
Our alternative is to study light upon chemical, and not simply 
mechanical, principles, with luminiferous surfaces following each 
other at regular intervals so as to interfere. 

We shall be better able to examine the results of the inter- 
ference of light when the phenomena of double refraction and 
polarization have been discussed ; since many of the most inter- 
esting and important cases are connected with those properties. 
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CHAPTER I. 

ON DOUBLE REFRACTION. 

The law of the ordinary refraction of light discovered by 
Snellius, or the law of the sines, applies to uncrystallized bodies 
generally, such as water, glass, air, gums, &c., and to many 
crystals, amongst which are common salt, alum, and fluor-spar ; 
but there are numerous crystallized bodies which have double 
refraction, such as nitre, calcareous spar, called also Iceland spar 
and rhomboidal carbonate of lime, ice, topaz, mica, selenite or 
crystallized plaster of Paris, quartz crystal, chromate of potash, 
and many others. In these latter, a ray of common light is 
refracted into two rays within the crystal. 

The double refracting crystals are divisible again into two 
classes, one called uniaxal crystals, the other biaxal crystals. 
The uniaxal crystals refract one of the rays according to the 
ordinary law of the sines, and the other according to an extra- 
ordinary law. In the biaxal crystals both the refracted rays 
have extraordinary refraction. 



The uniaxal crystal, calcareous spar (more commonly called 
calc spar), is found in abundance in many lead mines, but the 
purest specimens are brought from Iceland. It has powerful 
double refraction, is generally colourless and transparent, and 
can be highly polished, so that some of the most valuable appa- 
ratus for studying Physical Optics are formed of it. It cleaves 
easily in certain directions, by a blow on the back of a knife 
when the edge is laid along these directions. These cleavage 
planes produce rhombic faces which have always the same angles. 
The more recent measures of these angles will be found in 
treatises on mineralogy, but Huygens's measures will be here 
retained. 

If we take fig. 12 to represent a portion of crystal, we find 
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the rhombic faces, as ACBD, to have obtuse angles at A and B 

equal to 101° 52', and acute angles at C and Fig. 12. 

D equal to 78° 8'. The solid angle at A is 

formed by three obtuse angles of the rhombs, 

and the same at the opposite solid angle A'; 

each of the other solid angles is formed by 

one obtuse and two acute angles of the 

rhombs. 

Placing one of these crystals over any 
object, such as a letter in the printed page of 
a book, on looking through the opposite face 
the object appears double, or the rhomb 
gives double images. 

If we take a piece of crystal and cleave out of it a rhomb with 




Fig. 13. 
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each of its edges of the same length, as in 

fig. 13, with A and A' the obtuse summits 

formed each of three obtuse angles, then the 

line joining A and A' is the axis of the 

crystal, and is equally inclined to each of 

the three faces of the crystal which meet at 

A and at A'. Now the refraction was found 

by Huygens to be symmetrical around this 

line AA', and hence it is correctly called the 

optic axis of the crystal. As innumerable small pieces may be 

made from a given piece of crystal to fulfil the above conditions, 

it is clear that the optic axes in 

a crystal are innumerable, but 

all parallel to a given direction. 

If we take the equal-edged 
rhomb, and, as in the next figure 
(14), were to draw lines joining 
the opposite angles A and B, 
A' and B', they would bisect the 
obtuse angles. 

Draw on a piece of paper a 
long straight line ab, making a 
spot m upon it, and place the 
crystal over it so that the points A' and B' are both over some 
part of the line ab ; now looking through the upper face of the 
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rhomb, if the eye is anywhere in the plane passing through 
AB A'B' which is perpendicular to that face, the images of the 
spot m upon ab are seen both in the same line with the parts of 
it beyond the crystal. If the eye is on either side of that plane, 
the two images of the spot arc seen to separate from each other, 
and from the part of ab outside the crystal, the separation being 
symmetrical on each side of that plane. If we place the crystal 
with the line joining A'B' inclined to ab, we see the two images 
both to be out of the direction ab wherever the eye is placed, 
except when directly over the surface, when one image is in that 
direction. The refraction being symmetrical with respect to the 
plane AB A'B', it is called a principal plane of the crystal. If we 
had used either of the other equal faces of the rhomb which 
meet at A, we should have found the same results for the planes 
found like AB A'B', and the line joining A and A' is the common 
intersection of these three principal planes, and is hence the 
optic axis of the crystal. 

If we cover one face of the rhomb with paper, or better with 
tinfoil, having a small hole in it, say in the K j 5 

line AB, such as a in fig. 15, and pass a ray 
of light Sa through it, then if Sa be perpen- 
dicular to the face of the rhomb, one refracted B «~ 
ray, as am, enters the crystal without devia- / \ 
tion, or Sam is a straight line, and the other / \ 
is refracted into the line an in the principal t~~ 
plane, the angle man being about 6° 40'. \ A ^ 
When the ray Sa is inclined in the principal \ / 
plane, so that the angle BaS is 73° 2(y, the \/ **NA/ 
line San is a straight line. It is clear that 8 

am is the ordinary refracted ray, and the ray an the extraordi- 
narily refracted ray. 

Similar experiments may be more easily made by placing as 
above an ink spot m, with a long straight line drawn through it, 
on paper under the rhomb, and examining the position of the 
images by the eye situated over the rhomb ; remembering that 
as an ordinary ray from m and extraordinary ray from n would 
pass through the small hole a both in the line Sa, therefore if 
the eye is placed in the line Sam and looks towards a spot at m, 
the extraordinary ray now coming from m, where the upper 
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surface is uncovered, would be seen to emerge nearer to B, since 
whilst within the crystal it was parallel to an, the eye being 
supposed distant. 

By various other experiments and taking measures of the 
distances observed, Huygens found one ray to be an ordinary 
and the other an extraordinary ray. The refraction of the 
ordinary ray had the same properties, and yielded the same 
appearances as a ray in uncrystallized substances, that is, the 

refractive index was constant and equal to ~ nearly, which is 

about the same as in some kinds of flint-glass. On the other 
hand, the refraction of the extraordinary ray gave a refractive 

index which was variable, being g nearly, along the axis AA' and 

^ or £ of g, in the direction perpendicular to AA'. M. Malus, 

in his treatise ' Theorie de la Double Refraction/ page 199, gives 
the values of the greatest and least refractive indices from very 
accurate measures as 1.6543 and 1.4833. 

Having adopted the undulatory theory of light, according to 
which light radiates around a luminous point in an ordinary 
medium by spherical waves, Huygens tried the result of a sphe- 
roidal wave, formed by the revolution of an ellipse about its 
minor axis, for the extraordinary rays in calc-spar, and found 
that the phenomena were perfectly represented by it, which has 
been confirmed by several other observers. 

Suppose o to be a luminous point within the crystal from 
which light emanates in all directions, draw through o the optic 
axis, which we suppose to be the line AA' of former figures, and 
taking any distance from o as F - 16 

a radius, describe a spheri- ., _ 

cal surface, as in fig. 16, yS \ ^s^ \ 

this may be taken to repre- ^- V/^^SC \ 

sent a luminiferous wave of \ /S£^^Cu\ \ 

ordinary light in some one \ \ V^^STtN ) \ 

of its positions. Take the \ ^s/^>4r \ 

diameter of the sphere in \ V— ^— \ «A 

the optic axis for the minor \ ,/'* \ s' 

axis of an ellipse, and with ' uili \^ 

center o and a major axis §ths of this minor axis describe 

c 
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an ellipse; then the revolution of this ellipse about the optic 
axis will generate the spheroidal surface, which is the lumi- 
niferous wave of the extraordinary refraction corresponding to 
the spherical one of the ordinary refraction. 

Now although we cannot cause light to originate in this 
manner within a crystal, yet we can form a luminous point in 
several ways upon one of the faces of the crystal, for instance, 
the luminous point formed when a lens of one-inch focus is held 
in the sun's light, which is a minute image of the sun of less 
than T £ffth of an inch diameter, may be thrown upon the face of 
the crystal, and also the light of day passing through a minute 
aperture in tinfoil upon the surface may be used. In these 
cases the light emanates from the luminous point in a spherical 
and a spheroidal surface within the crystal, their common axis 
being parallel to the optic axis of the crystal. 

Huygens has shown that if a plane wave were incident on a 
uniaxal crystal, the two refracted waves would be each plane 
waves, and be found by the following rule. 

Suppose two rays, SA, SB, coming from a very distant lumi- 




nous point so that they are considered parallel, and the wave to 
which they are perpendiculars is a plane wave in each position 
as it moves along. Let AM be the section of the wave when it 
arrives at A, and Urn that which would have been the section 
when it arrived at B if the crystal had not intervened, A and B 
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being in the surface of the crystal. Let AA' be parallel to the 
optic axis, which maybe inclined to the plane of the figure; take 
AA' a distance having to Am a constant ratio, and such that 

Am 

-j—j is the refractive index for the ordinary ray, and with center 

A and radius AA' describe a spherical surface; then drawing a 
plane Bp touching the sphere at p, and a line Apo through A 
and/?, the plane Bp is the ordinary wave when the point M has 
arrived at B, and Apo is the ordinary ray corresponding to SA 
without the crystal. 

Again, describe a spheroid with center A, semi-minor axis 
AA', and a semi-major axis, as in the figure, $ of AA', and draw a 
plane BP touching it in P, which will generally be out of the plane 
of the paper, and it will represent the extraordinary wave; also 
drawing the line AP<?, this will represent the extraordinary raj. 

The rays were perpendicular to the wave-surface in air before 
incidence, and Apo is so also in the crystal, but Ape is not gene- 
rally a perpendicular to the extraordinary wave in the crystal. 
When the rays emerge from the opposite parallel face of the 
crystal into air again, the converse refractions take place, and 
the emergent rays are each parallel to the incident raj SA, and 
become again perpendiculars to the emergent waves. 

When two rhomboids are placed one over the other, as in 
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fig. 18, with their corre- 
sponding faces parallel 
and similarly situated, 
they act as a single rhomb, 
whose thickness is the 
sum of their thicknesses, 
causing a further diver- 
gence of the rajs, as in 
the figure; the incident 
raj SA giving two rays 
in the first crystal, and 
the emergent rays be- 
tween the crystals being 
parallel to SA. Then 
falling on the surface of 
the similarly situated second rhomb, the ordinary raj gives another 

c2 
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ordinary ray, parallel to its course in the first crystal; and the extra- 
ordinary ray gives similarly another extraordinary ray in the second 
crystal, parallel to its direction in the first ; both finally emerge 
parallel to S A from the second surface of the second crystal. 

When the principal plane of the second crystal is set at right 
angles to that of the first, we have again only two finally emer- 
gent rays, but the ray which was the ordinary ray in the first 
crystal, furnishes the extraordinary ray in the second, and, in 
like manner, the extraordinary ray in the first crystal becomes 
the ordinary ray in the second. If the two crystals are placed 
with their principal planes in any other relative positions, each of 
the two rays is divided again into two within the second crystal, 
and furnish four finally emergent rays. 

The undulatory theory as first imagined by Huygens offered no 
solution to these phenomena, but Newton having adopted a 
mixed corpuscular and vibratory theory, on considering the 
same subject, although he overlooked Huygens's correct law of 
the refractions, and gave an inaccurate one of his own, yet saw 
that the luminiferous corpuscles of his theory might have dif- 
ferent properties on different sides ; and hence according as the 
sides of the rays were presented to the sides of the crystals, arose 
the peculiar actions of the crystals upon them. As a means of 
fixing the ideas, we may compare the luminiferous corpuscles 
with minute magnets, having each a north and a south pole, and 
hence the term polarization of light, which is also now retained 
in the undulatory theory. The explanation of the various phe- 
nomena of polarization will be found in the next Chapter, and it 
is here only necessary to state that the two rays into which a ray 
of common light is refracted are polarized in planes at right 
angles to each other, in double refracting crystals. 

When common light is incident on the crystal the two rays 
are of equal brightness, but if the incident light is polarized their 
intensities are generally different. For this reason, when the 
single incident ray SA has become four emergent rays from the 
second crystal, they are unequal in brightness in pairs, of which 
the law is easily traced. 

We have seen in calc-spar that the ordinary luminiferous sur- 
face was found to move slower than the extraordinary one, except 
along the optic axis. Generally the velocity in air having to the 
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Fig. 19. 



velocity in the medium the ratio which is the refractive index, the 
velocity in the medium is less as the refractive index is greater ; 
and hence the variable refractive index of the extraordinary ray 
is less than the constant refractive index of the ordinary, except 
along the optic axis. For this reason calc-spar and other crystals 
have been called negative crystals. 

There are other crystals in which the ordinary ray travels 
quicker than the extraordinary ray, and these have been called 
positive crystals. Quartz and ice are considered to belong to 
this class, but quartz has peculiarities which will be found noticed 
in the Chapter, on Interference. In quartz, the optic axis is the 
axis of the six-sided prism, in which it is fre- 
quently found with pyramidal terminations. Sup- 
posing o in fig. 19 to be a luminous origin, let 
the sphere represent again the luminiferous sur- 
face of the ordinary rays, then that of the extras 
ordinary rays will be a prolate spheroid formed 
by the revolution of an ellipse about its major 
axis. The reader will find tables of double refract- 
ing crystals in Sir David Brewster's treatise on 
Optics. 

It has been determined from certain inter- 
ference experiments that the spheroid is of dif- 
ferent ellipticity for different colours in some sub- 
stances, and in leucocy elite and vesuvian* produces 
remarkable results. 

When the magnificent interference phenomena seen in polar- 
ized light near the optic axes of crystals, were found by Arago, 
Biot, and Brewster to present great variety, some exhibiting 
circular rings round one axis, and others ovals and lemniscate 
curves round two axes, it became evident that Huygens's law 
applied only to certain crystals which we now call uniaxaL 

Dr. Brewster, in 1818, having shown that the refraction in 
biaxal crystals required the introduction of new considerations, he 
maintained that the optic axes are resultant or compensation axes 
onlyf, arising from the "opposite action of two or more rectan- 

* See Herschel's treatise on Light in the ' Encyclopaedia Metropolitans/ 
article 1125. 
t See Brewster's 'Optics,' p. 207, cd. 1831, and p. 266, edition of 1853. 
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gular axes, the principal one of which is the line bisecting the 
angle formed by the two resultant axes." 

The doctrine of transversal vibrations in the undulatory theory 
of light having been adopted by Dr. Young and M. Fresnel,' in 
order to explain the phenomena of the polarization of light, the 
latter, in his " MSmoire sur la double refraction*," has shown 
the form of the wave-surface in biaxal crystals, which would 
arise from the elasticity of the hypothetical aether within the 
crystal being referred to three principal directions at right angles 
to each other. Taking these directions as axes, the resultant of 
the molecular forces acting upon a displaced inolecule of the 
eether will be in the direction of the displacement if it is in the 
direction of these axes ; but if in other directions, the force will 
not be in the direction of the displacement. 

In uniaxal crystals the elasticities in two of the rectangular 
directions are taken to be equal \ but in biaxal crystals the elas- 
ticities in the three rectangular directions are taken to be all 
different. 

Proceeding from these considerations, M. Fresnel investigated 
the form of the wave- surface for biaxal crystals, and found that 
it must be considered as a single surface having two sheets, one 
within the other, and coming into contact at four points along 
the two optic axes. When the two optic axes coalesced into one, 
these sheets became the sphere and spheroid of Huygens. 

Suppose as in a uniaxal crystal the point o in fig. 20 is a lumi- 
nous point within a biaxal crystal, and ab, cd are the. directions 
of the optic axes, along which the 
two rays travel with the same velo- 
city. Then Fresnel's wave-surface 
in the plane passing through the 
optic axes gives a section like the 
figure, consisting of a circle and an 
ellipse, which intersect each other 
along the optic axes. When ab and 
cd come close together and coincide, 
the crystal comes to be uniaxal, and 
the circle and ellipse touch without cutting each other. 

* M&noires de V Institut for 1824, and Annates de Chimie et de Physique, 
torn, xxviii. p. 263. 
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The points a, b, c, d are the only points where the two sheets 
meet. The form of the surface about these points is the most 
important to examine, and we may obtain an idea of it by sup- 
posing a small part of the TC 01 

• l j n- .1 ^g. 21. Fi« 22. 

circle and ellipse near them m 

to be turned round the axis, 

and thus generate the sheets. 

We see that the inner sheet 

will have a form something 

like an umbrella, as in fig. 21, 

and that the outer sheet will 

have a form like fig. 22. The 

point b, which is called a 

conical point, in the two 

figures being the point of contact, the rays which pass near the 

axes are said to have conical refraction. 

It is seen that the two sheets are continuous each up to the 
optic axis, and when we find that the outer one by experiment 
has a small round hole in it around the optic axis, which we may 
call an eyelet hole, it is clear that FresnePs wave-surface does 
not represent the true luminiferous surface in biaxal crystals. 




Carbonate of lime in another crystalline form is again the 
best substance for experiments on the nature of the double 
refraction in biaxal crystals, on account of its strong double 
refractive power; namely, in the form known as arragonite or 
prismatic carbonate of lime. It is a much more rare mineral 
than the rhomboidal carbonate of lime, and has often the form 
of hexagonal rhombic prisms. The order of the crystallization is 
generally reversed in each prism, or they are what are called 
macled crystals. The prism, when cut perpendicularly, generally 
exhibits three portions, of which a middle portion lies between 
parallel planes, and the two parts, one on each side of it, have 
reversed crystallizations to that of the middle part. For these 
reasons it is difficult to obtain large pieces of one order of cry- 
stallization. When there is sufficient breadth of one order of 
crystallization, the phenomena discussed further on are well seen, 
with a thickness of half an inch. 
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The axes in arragonite within the crystal are inclined* 18° 18', 
and the line bisecting this angle is the axis of the prism. Now 
outside the axes the double refraction approximates to that in 
uniaxal crystals, and it is within this angle and near the optic 
axes that we must examine the double refraction, in order to 
determine the peculiarities of the luminiferous surfaces. In 
order to do this we must premise what is well known in geome- 
trical optics, namely, that if a bright object is placed before an 
opaque screen with a small hole in it, as for instance the flame 
of a candle at A in figure 23, before the small hole B, then on a 
screen, such as a card behind the hole, we have formed an 
imperfect inverted image a of the object A, as in fig. 23. 

Let the hole B be as in fig. 24, a minute pin-hole in tinfoil 
covering the first surface of the piece of arragonite, cut perpen- 
dicularly to the line bisecting the optic axes, and the second 
surface covered with a slight film of milk which has dried upon 
it, for a screen to receive the images a and b of the flame of a 
candle at A. Fig. 23. 

Then trying the experi- 
ment in a dark room, and 
using a magnifying eye-lens, 
we see generally two inverted 
images of the candle-flame 
upon the film of milk, arising 
from the double refraction. 
Turning the crystal carefully 
about we see a series of 
images, like those in fig. 25, 
in and near the plane of the 
optic axes for the given aper- 
ture B of fig. 24. 

At the middle point between the axes we have the two images 
coinciding as at ab. On either side of it the images separate, as 
a nearer and b further from the single middle image. On 
coming to the optic axis the image b becomes diminished and 
distorted, whilst the image a becomes as cl enlarged, and having 

* Herschel on Light, art. 1124; Brewster's reply to Rudberg, Phil. Mag. 
for August 1832 ; and Rev. H. Lloyd " On the Phenomena of Light in passing 
through Biaxal Crystals," Phil. Mag. for February 1833. 
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in its middle a dark circular space, with the diminished image of 
the series b in its center. On passing beyond the optic axes we 

Fig. 25. 
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Fig. 26. 




have the two images a and b again, but a has now passed beyond 
b y and so continues in other parts of the crystal. 

Now at the optic axes the dark space within the enlarged 
image a 1 receives no light 
from the rays which form 
the series of images marked / 

a, and hence the luminife- 
rous surface is not conti- 
nuous in this part ; and the 
image of the series marked 
b in the middle of this space 
being contracted and dis- 
torted, shows that the other luminiferous surface at the optic 
axis is not of continued curvature, but forms a conical point. 
The luminiferous surfaces at the axes are as in fig. 26, where 
the conical point b and the center of the eyelet-hole a are along 
the optic axes, drawn through the aperture B of fig. 24. 

Fresnel's wave-surface for biaxal crystals, therefore, does not 
represent the facts, and as no other form has been imagined 
possible on the undulatory theory of light, we have here a strong 
argument against it. 

These points will require to be examined again when we dis- 
cuss the law of the polarization of the rays in biaxal crystals. 



At the commencement of the Chapter it was stated that many 
substances, crystallized and uncrystaJlized, have only ordinary 
refraction. A feeble double refraction is acquired by these sub- 
stances, — by unequal heating or cooling, by pressure, by bend- 
ing, or generally by any means which place certain of their 
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atoms in unequal constraint with the rest. Many crystals of this 
class are also found, when irregularly crystallized, to possess a 
small double refraction. The existence of this double refraction 
is generally rendered visible by interference in the polariscope, 
but glass has been made by great compression to show two 
images of a point. This subject will be found discussed again 
under the heads of Polarization and Interferences. 



The following table contains the names of some of the more 
common double refracting substances : for a more complete list 
see Brewster's ' Optics/ edition of 1853, pp. 194 & 200. 



Uniaxal crystals. 


Biaxal crystals. 


Carbonate of lime, or 1 
Iceland spar. J 
Nitrate of soda. 


Nitrate of potash. 


Mica. 


Arragonite, or prismatic car- 


Tourmaline. 


bonate of lime. 


Chlorate of soda. 


Borax. 


Quartz crystals. 


Sulphate of magnesia. 


Sapphire. 
Ruby- 


Sulphate of zinc. 

Sulphate of magnesia and 


Emerald. 


soda. 


Beryl. 

Hydrate of magnesia. 


Topaz. 
Sugar. 


Prussiate of potash. 


Phosphate of soda. 


Phosphate of ammonia and 


Citric acid. 


magnesia. 


Tartaric acid. 


Ice, certain crystals. 
Mica, certain kinds. 


Chlorate of potash. 


Sulphate of potash. 
Carbonate of soda. 






Sulphate of lime or selenite. 




Sulphate of iron. 
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CHAPTER II. 

ON THE POLARIZATION OF LIGHT. 

The action of a rhomb of calc-spar on a beam of light was 
explained in the last chapter to have led to the theory of the 
polarization of light. It was found that a beam of ordinary 
light was refracted into two beams within a rhomb of calc-spar 
of equal brightness ; but when these beams fell upon a second 
rhomb, though they were generally each refracted into two 
beams, yet they were not always so, for in certain relative posi- 
tions of the crystals the second crystal did not separate the two 
first refracted beams again; and also when they were separated 
each again into two, making four beams emergent from the 
second crystal, they were commonly in pairs of unequal bright- 
ness, so that it was clear the two beams furnished by the first 
crystal had received some modification which caused them to be 
differently acted upon by the second crystal to what they had 
been by the first. This modification led Newton to the theory, 
that the doubly refracted rays had different properties on dif- 
ferent sides, or were brought to a state of polarization by being 
doubly refracted, and the phenomena exhibited when these polar- 
ized beams were refracted by a second rhomb thus depended 

Fig. 27. 




upon the relative positions of the sides of this rhomb with the 
sides of the polarized rays. 

In fig. 27, let SA be a small beam of light passing through a 
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small aperture A in an opaque cover on the first surface of a 
rhomb. Let o be the ordinary and e the extraordinary beam 
after emergence from it. Let again these fall on the second 
rhomb at a and b, and generally each will be refracted into two 
beams as in the figure, and after emergence we shall have — 

A beam oo which has undergone ordinary refraction at both 
rhombs. 

A beam ee which has undergone extraordinary refraction at 
both rhombs. 

A beam oe which has undergone ordinary refraction at the 
first, and extraordinary refraction at the second rhomb. 

A beam eo which has undergone extraordinary refraction at 
the first, and ordinary refraction at the second rhomb. 

The law of Malus* for the brightness or intensity of the 
emergent beam, neglecting the loss by reflexions at the surfaces, 
absorption within the rhombs, &c., is as follows. Let I, the 
intensity of the incident beam, be represented by the area of a 
square on the line AB (fig. 28), and let ABC be a triangle with 
a right angle at C, and angles 
each half a right angle at A and 
B. Draw squares I and I e on 
the equal sides AC and BC, then 
the areas of these squares will be 
equal and represent I the inten- 
sity of the ordinarily refracted 
beam, l e that of the extraordi- 
narily refracted beam; and by 
geometry I and I c together are 
equal to I. This is the foundation 
of the resolution and composition 
of light. 

Now the ordinary beam (I o ) is, by definition, said to be 
polarized in the principal plane of the rhomb, and the extraor- 
dinary beam (I e ) to be polarized in a plane perpendicular to the 
principal plane. The rhomb may be turned round in any way 
and the same result of two equal beams will be found, so that it 
is said a beam of common light is equivalent to two beams 
* Memoires d'Arcueil, tome ii. for 1809, page 143. 



Fig. 28. 
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polarized in any two planes at right angles to each other, the 
sum of whose intensities equals the intensity of the original 
beam. 

When these beams, whose intensities are I and I e , fall on the 
second rhomb and again undergo double refraction, they are said 
to be analyzed again into new planes of polarization parallel and 
perpendicular to the principal plane of the second rhomb. Let 
\o> \e> ^eo> ^ee ^ e *ke intensities of the emergent beams 00, oe, 
eo, ee in fig. 27 respectively. 

Take a square on ab (fig. 29) to represent the intensity I , 
and let abc be a triangle with a right angle Fig. 29. 

at c, and let the angle bac be the angle 
between the principal planes of the two 
rhombs, which is also the angle between the 
plane of polarization of I o , and the principal 
section of the second rhomb. Draw squares 
on the sides ac and be, then the square on 
ac represents the intensity I 00 , and that on 
be represents I oc , and their sum equals I . 
The same construction applies to the inten- 
sities I eo and I ee , whose sum equals I c , remembering that the 
angle abc is now the angle between the plane of polarization of I e 
and the principal plane of the second rhomb. From this we see 
that I oe equals I eo> and I 00 equals J ee , so that, as before remarked, 
the four beams are in pairs as to brightness. 

When ac coincides with ab, then be vanishes, and I 00 equals I 
and I oe is zero; and in like manner I ee equals 1^ and I eo vanishes, 
that is, when the principal planes of the two crystals are parallel, 
there are an ordinary and an extraordinary beam formed only by 
the second rhomb. Again, when be coincides with ab, or the 
principal planes of the rhombs are at right angles to each 
other, then ac vanishes, and the extraordinary beam has the 
intensity I oe equal 1^ and the ordinary beam in the first crystal 
becomes the extraordinary one in the second, I 00 vanishing ; also 
the other beam 1^ equals I c , and I ee vanishes, so that the extra- 
ordinary beam in the first becomes the ordinary beam in the 
second crystal. 
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When the angles abc and bac are each half a right angle, the 
intensities of the four emergent beams are equal. 

These results of Malus'slaw are in accordance with experiments. 




Amongst the apparatus formed with calc-spar is a rhomb 
made of the crystal and glass, called a double 
image rhomb. An angular portion is cut from 
a rhomb of calc-spar, such as ABCDEF in fig. 

30, and an equal piece, ABCDGH, of plate- 
glass is made ; and the two, being reversed, are 
cemented together with Canada balsam, which 
has nearly the same refractive index as glass. 
Now a ray of light entering the calc-spar is separated into two, 
and these pass through the cementing film and into the glass 
with very little deviation, but on emerging from the outer sur- 
face of the glass there is not the accurate reverse refraction to 
that at the first surface of the calc-spar, and hence the two 
emergent rays are not parallel, but separate the more as they 
are farther from the rhomb. The glass nearly corrects the 
prismatic colour for one of the rays, but the other is considerably 
coloured. 

Another and more useful compound rhomb was invented by 
Mr. Nicol. A long rhomb of calc-spar, as in 
fig. 31, is cut into two angular portions, as in fig. 

31, by a section abed, and the two parts are then 
cemented together again. Now the two refracted 
rays falling very obliquely upon the film of 
cement, one of them is reflected totally, and 
thrown aside according to the rules of geometrical 
optics, but the other is transmitted. In this 
manner the rhomb furnishes a beam of light 
polarized in one plane, and is one of the most 
useful pieces of polarizing apparatus. 

NicoPs rhomb will be found continually described as part of 
the apparatus in the experiments in the interference of polarized 
light ; and there are also many delicate experiments, in which 
the state of the polarization of certain rays has to be tested, 
where it would be employed. 



Fig. 31. 




POLARIZING APPARATUS. 
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Fig. 32. 



Where one of the rays is to be thrown aside by suffering total 
reflexion, this can be accomplished 
with much less acute prisms when 
a plate of air is left between the 
surfaces of the section abed, in- 
stead of cementing them, and then 
a much broader beam of polarized 
light can be obtained, as in fig. 
32 ; but then there will be a con- 
siderable loss of light from re- 
flexion, in the transmitted beam, 
at the internal surfaces. 

The advantage of these com- 
pound rhombs arises from their 
furnishing bright beams of polarized light without colour. 




The discovery of the polarization of light by reflexion at the 
surfaces of transparent bodies by M. Malus* in 1808, whilst 
examining the rays of the setting sun reflected from the windows 
of the Luxembourg Palace, with a rhomb of calc-spar, was the 
commencement of a new $era in Physical Optics. We have seen 
that a beam of common light gives two beams of equal intensities 
after emergence from the 
rhomb, but the light re- 
flected from the windows 
giving them of unequal 
intensities, Malus saw that 
it had become modified by 
the reflexion. Pursuing his 
experiments, he found that 
at a certain angle the re- 
flected light was completely 
polarized in the plane of 
incidence, having the pro- 
perties of the ordinary beam 
transmitted by calc-spar. 

Dr. Brewsterf, in 1815, 

* M&noires d'Arcueil, ii. t Phil. Trans. 1815. 
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discovered the law of the polarizing angle to be as follows : — 
Taking again fig. 4, as employed to discuss the law of the sines, 
SA being the ray of incident light, AR the reflected, and AT 
the refracted ray ; making also Aa equal to AA, and drawing 
perpendiculars am and bn upon the normal NAN' to the 
refracting surface at A ; then the reflected light in AR is com- 
pletely polarized in the plane SAR, when bn equals Aw, or am 
equals Arc, and the angle RAT between the reflected rays and 
refracted rays is then a right angle. 

In trigonometrical language it is said the tangent of the 
polarizing angle SAN equals the refractive index of the trans- 
parent substance ; and the angles SAN, TAN' together make a 
right angle. 

For plate-glass, the angle SAN becomes the polarizing angle 
when it is 56£° nearly, and for water when it is 53° ltf nearly. 

When the refracting body is a plate with parallel plane sur- 



Fig. 33. 




faces, the refracted ray AT is 
partly transmitted in TV, and 
partly reflected in TA' (fig. 
33). The part in TA' is again 
partly reflected at A' and 
partly transmitted in A'R' ; 
and so onwards for many re- 
flexions at the second surface 
of the plate. Now the emer- 
gent rays as A'R' are all polarized in the plane of incidence SAR, 
when AR is so polarized. For this reason, when we wish for a 
brighter polarized beam, we use the reflexions from both surfaces 
of a plate ; and often also piles of several plates packed in a con- 
venient frame. 

In this way a number of Fig. 34. 

pieces of good window-glass, 
placed as fig. 34, form an 
almost essential piece of appa- 
ratus to those engaged in op- 
tical studies. A beam of 
polarized light is thus easily 
procured of great breadth and 
brightness. It has the disadvantage, however, that the dust and 
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Fig. 36. 



imperfections upon the surfaces of the plates partly depolarize the 
light, and this is of consequence in some delicate experiments. 

The transmitted ray TV is not completely polarized, but 
exhibits, when examined with a rhomb of calc-spar, two rays of 
unequal intensities, that being brightest which is polarized per- 
pendicular to the plane of incidence. The transmitted ray 
becomes more and more nearly polarized perpendicularly to the 
plane of incidence, as the angles of incidence and emergence are 
increased, or as the rays emerge more nearly parallel to the 
surface of the plate. 

Experiments showing 
many of the properties of 
polarized light may be 
made with pieces of win- 
dow-glass and very simple 
mounting. Suppose in 
fig. 35 that a ray of light 
SA falls at the polarizing 
angle 56£° of incidence 
upon a plate of glass at 
A, and then the reflected 

ray AB, which is polarized in the plane SAB, flails upon a second 
plate at B at the same angle, and is then reflected to the eye at 
E. The brightness of the light reaching the eye depends upon 
the angle between the planes SAB and ABE. If we turn the 
plate B round the line AB until the angle between those planes 
is a right angle, then no light whatever reaches the eye E. This 
result arises thus: the plate B reflects light only polarized in the 

Fig. 36, 
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plane of incidence at B, and the plate A furnishes only light 
polarized in the perpendicular plane, of which no part can be 
analyzed to be in the plane EBA, by Malus's right-angled tri- 
angle. 
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The plates A and B are easily mounted in two tubes of pasted 
paper, as in fig. 36, and packed at the proper angles ; a large 
hole being cut in one tube to allow the incident light through 
its center to fall at the polarizing angle at A, and a smaller hole 
for an eye-hole to allow the light reflected at the polarizing 
angle at B to pass to the eye E. The eye-tube turning inside 
the other allows the above-described experiment to be easily 
tried. 

Many of the splendid experiments of the interference of light 
exhibited by crystalline plates, can be tried also with such an 
apparatus, with the requisite additions ; though more conveniently 
often in other ways. 



The Tourmaline, a mineral of frequent occurrence, and often 
associated with mica, furnishes a valuable optical apparatus. 
This mineral is a uniaxal crystal, and found of various colours in 
long prisms ; the dark varieties have the property, when cut into 
thin plates parallel to the axis of the prism, of transmitting only 
light polarized perpendicularly to that axis. The thickness 
necessary to polarize completely the transmitted light depends 
upon the darkness of the tourmaline. The dark green and 
brown varieties require often to be not more than -j^th or ^th 
of an inch in thickness, and the transmitted light is often polar- 
ized nearly completely by a thickness of T \yth or y\yth of an 
inch. The thinner plates are often desirable from their trans- 
mitting much more light than the thicker ones, although it is 
not perfectly polarized. The neutral tint tourmalines are also 
desirable from their not affecting the appearance of the inter- 
ference phenomena so injuriously as the others, although the 
plate may not completely polarize the transmitted light. Plates 
cut and polished, sufficiently large to be very useful, can be pur- 
chased for a few shillings. 

The advantage of the tourmaline plate is, that the eye can be 
brought very near the object to be examined by polarized light ; 
and its disadvantage is that the transmitted light is strongly 
coloured, the colourless tourmalines not having the property of 
absorbing light polarized parallel to the axis of the prism, as the 
coloured ones have. 
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If two plates of tourmaline, sufficiently thick to completely 
polarize the transmitted light, are crossed upon each other, as in 
fig. 37, the part where they cross appears pj« # 37 

perfectly opaque, whilst the other parts of 
each appear transparent. 

The property of unequally absorbing the 
polarized rays is possessed by many sub- 
stances, which have been described by Dr. 
Brewster in the Philosophical Transactions 
for 1819. 

Lately Dr. Herapath has discovered a very remarkable salt, 
the iodide of quinine, which possesses in so high a degree the 
property of absorbing one of the polarized rays, that he calls the 
crystalline plates artificial tourmalines. For the method of pre- 
paring and mounting these artificial tourmalines, see Dr. Hera- 
path's papers in the Philosophical Magazine for May 1854, and 
previous Numbers. 




There are certain compound beams of polarized light which 
have had considerable attention bestowed upon them, from the 
interesting phenomena exhibited by them in the early experi- 
ments of MM. Arago and Biot ; and afterwards from the im- 
portant discussions of M. Fresnel upon the way in which such 
beams arise in certain cases; and upon their representation 
according to the undulatory theory of light. It will be seen in 
the next Chapter that these beams are really subject to the 
general laws of the interference of light, and will be best under- 
stood when those laws have been fully developed. 

We have seen that M. Malus first proposed a rule for express- 
ing the decomposition of beams of light polarized by passing 
through a first rhomb of calc-spar, on their separation again on 
being refracted by a second rhomb. Now the rule for com- 
pounding together again such beams by a reverse process, must 
be the converse of M. Malus' s law ; and as far as intensities and 
polarization only are concerned, this law furnishes all that is 
required. When, however, the beams have come from a com- 
mon origin, the laws of interference must be considered at the 
same time. This subject therefore will be considered again in 

d2 
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the Chapter oil Interference ; at present we shall only take the 
properties of these compound beams as of peculiarly polarized 
light. 

If two equal beams of light, polarized in planes at right angles 
to each other, have their luminiferous surfaces one in advance of 
the other one-fourth of an interval of light (one-fourth the 
breadth of a wave in the undulatory theory), they constitute 
what is called circularly polarized light. On being analyzed by 
a rhomb of calc-spar, a tourmaline or other analyzer, it exhibits 
all the properties of common light ; but in certain interference 
experiments the results are very different, and very interesting. 
In the undulatory theory also there is considerable interest 
attached to such beams, for it is easily shown that the particles 
of the hypothetical aether must be performing their vibrations in 
circles, whose planes are perpendicular to the rays of light. By 
compounding the equal rectilineal vibrations which have an 
interval of one-fourth the breadth of a wave, there results a 
circular path for each particle, and a series of particles originally 
in one straight line, become arranged in the form of a helix, or 
as if placed at regular distances along the thread of a screw. 

In other circumstances, the compounding the vibrations gives 
rise to elliptic vibrations, and the light is said to be elliptically 
polarized. When the difference of the paths is half an interval, 
the two beams compound into one, which is plane polarized. 
These points have been verified by M. Arago*. 

M. Fresnel has shown two ways in which circularly polarized 
light may be produced. In one of these a film of mica (which 
is a biaxal crystal) is chosen of such thickness that one of the 
two double refracted rays is retarded one-fourth of an interval 
behind the other, and this film is attached to the support, which 
Carries a tourmaline, by some kind of cement, in such position 
that the plane of polarization of the light transmitted by the 
tourmaline may bisect the angle between the planes of polariza- 
tion of the two rays emergent from the mica. A pair of these 
circular polarizers are desirable apparatus, as will be found in the 
Chapter on the Interference of Polarized Light, and they can be 
made by those who possess the tourmalines and pieces of plates 
of mica, by care and patience. The mica must be split with a 
* See Herschel on Light* art. 996. 



fresnel's rhomb. 
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penknife into exceedingly thin slips, and these must be attached 
with wax to the support of the tourmaline, and turned about until 
the two conditions are found to be obtained, namely, the mica 
plate of right thickness, and in a right position. These are suffi- 
ciently nearly produced when the combination, on being used as an 
analyzer, the tourmaline towards the eye, with any form of polar- 
izer, shows very little difference of brightness for different posi- 
tions on turning it round. It can never produce the required 
effect perfectly in white light, because the one-fourth of an in- 
terval is considerably different for different colours of the spec- 
trum*, but may be accurate for some one tint. 

In the other method, a rhomb of glass of a section like fig. 38 
is used under the name of FresnePs Fig. 38. 

rhomb. The acute angles at a and c 
of the section of the rhomb are 54£°, 
and the light entering the first sur- 
face ab perpendicularly, and emerging 
in like manner from the second surface cd, is twice totally 
reflected within the rhomb, namely at A and B. M. Presnel 
found that light passing through the rhomb in this manner is 
analyzed into two portions, one polarized in the plane of the 
reflexions, and the other perpendicular to it ; and the latter is 
retarded one-fourth of an interval behind the former, whatever be 
the colour of the incident light. Now when this rhomb is placed, 
as in fig. 39, to receive plane 
polarized light, as for instance 
that reflected at the polarizing 
angle from glass, and the plane 
of the two reflexions is inclined 
45° to the plane of the polar- 
ization of the incident light, 
then the light emerging from 
the rhomb is circularly polarized light for all colours. 

For common use, the rhomb may be made of ordinary plate 
or flint-glass, and it is not necessary that the angles at a and c 
should be exactly 54£°. The author has many rhombs of com- 
mon flint-glass with different angles from the lowest which 
would give total reflexion at A and B to high angles, and two of 
* See the table of the breadths of the intervals in the next Chapter. 
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common plate-glass, one with the lowest angle, and the other 
with the angles 54£°; these show the light to be most perfectly 
circularly polarized, when the angles a and c are the lowest 
possible for total reflexion at A and B, namely, in plate-glass 
about 42°, and that it is elliptically polarized with higher angles. 
Common plate and flint-glass are not, however, adequate mate- 
rials to enable the experimenter to form a certain judgment on 
so delicate a point of physical optics, since such glass is never 
homogeneous. 

It has been stated that the plane of reflexion within the rhomb 
must be inclined 45° to the plane of the polarization of the 
incident light in fig. 39, but this inclination may be to the 
right hand or to the left hand, and the emergent light is called 
right-handed circularly polarized light, or left-handed circularly 
polarized light accordingly. These distinctions will be noticed 
again in discussing the properties of quartz crystal. 

When a beam of ordinary light was incident upon a metallic 
polished surface, and the reflected beam was analyzed by a rhomb 
of calc-spar, it was found by Mains that the two beams, ana- 
lyzed in the plane of incidence, and perpendicular to it, are 
generally of different intensities, but are never reduced to one 
beam, as in the case of transparent bodies when the reflexion 
takes place at the polarizing angle. The maximum difference of 
the intensities has been found by Sir D. Brewster to occur at an 
incidence between 70° and 80° for many metals and galena, and 
the light polarized perpendicularly to the plane of incidence is 
more copiously absorbed by the metal than that polarized in the 
plane of incidence. 

If a plate of polished steel be substituted for the rhomb in 
fig. 39, so that the light from the polarizer may be reflected by 
the steel at an angle of incidence of 75°, and the plane of reflexion 
be inclined 45° to the plane of the polarization of the incident 
light, the light reflected by the steel has become elliptically 
polarized. 

The interference phenomena seen in circularly polarized light 
will be found described in a future chapter, and those in ellip- 
tically polarized light are analogous to them, and may be seen 
by mounting the blade of a new eating-knife in the above man- 
ner in the polarizing apparatus. 
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M. Jamin*, with a refined apparatus and delicate method of 
experiments, has found that almost all solid substances polarize 
light incompletely, and that they transform plane polarized light, 
into elliptically polarized light by reflexion. He has found that 
those substances, whose index of refraction is greater than 1*46, 
advance the phase of the component ray polarized in the plane 
of incidence; and those which have their refractive index less 
than 1-46 retard it. Those which have the refractive index 1-46 
only, give accurately plane polarized light at the polarizing angle. 



The polarization of the two beams given by biaxal crystals, in 
the neighbourhood of the optic axes, is very interesting and 
singular. The law of the polarizations was deduced from analogy 
with uniaxal crystals by M. Biot, as well as an approximate rule 
for the distance between the two luminiferous surfaces at any 
given points near the axes. This latter will be required to be 
considered in discussing the interference phenomena. 

At the close of the last chapter the forms of the luminiferous 
surfaces within a biaxal crystal were traced generally. We have 
now a similar experiment to try, with the piece of arragonite 
having a piece of tinfoil attached to its first surface, with a small 
pin-hole in it, and to examine the polarizations of the two images 
formed upon its second surface, of a flame of a candle before it. 
The film of milk upon the second surface must now be dispensed 
with, since it depolarizes the light. The analyzing apparatus 
should consist of an eye-lens attached to a tourmaline or Nicol's 
rhomb, and the direction of the plane of polarization should be 
marked upon them. 

Taking the series of images of the candle upon the second 
surface, as in fig. 25, and supposing them represented with others 
in fig. 40, we find the central image, which is composed of two 
images, to appear as of common light. When the images appear 
separated in the plane of the optic axes CD, we find the one 
nearest the central one to be polarized in the plane of the optic 
axes, but it is marked a in fig. 25 within them, and b beyond 
them. To enable us to trace these changes, a small line — or | 
is placed near each image in fig. 40 to indicate its plane of polar- 
* Annates de Chimie et de Physique, 1850, vol. xxix. p. 304. 



40 PHYSICAL OPTICS. 

ization. The further image of a pair in the plane CD is polar- 
ized perpendicular to that plane, but in fig. 25 it is marked b 

Fig. 40. 




within the axes, and a without them. We saw that the enlarged 
image d at the optic axes arose from the passage of an image a 
from within to beyond the image b at those points. Again, 
taking a plane through the small hole on the first surface of the 
crystal, and through the central image perpendicular to the 
former CD, as EF (fig. 40), and examining the polarization of 
the images formed in it, we find that the inner image now belongs 
to the series marked b in fig. 25, and its polarization is in the 
plane EF ; also that the outer image which belongs to the series 
a is polarized at right angles to it. The dotted lines in fig. 40 
show how the series of images are connected through the inter- 
mediate positions. 

All these changes of the planes of polarization are given by the 
law of Biot*, as follows : take two planes, one passing through 
the small aperture on the first surface, a given position^ of the 
image on the second surface in fig. 41, Fig. 41. 

and one of the optic axes a! ; and the qL a " 

other plane passing the first two 

points, and the other optic axis a". 

Let these planes meet the second surface of the crystal in the 

lines a l p and a u p; then the plane of polarization of one ray 

bisects the angle between the planes, as indicated by the line pm 

in the figure, and that of the other is perpendicular to it, as 

indicated by the line pn. 

On examination, this law will be found to represent all the 
circumstances, and it shows how the enlarged image a! (fig. 25) 

* Precis Elementaire de Physique, vol. ii. p. 491. 
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at the optic axes, with its central dark circle, has its planes of 
polarization at right angles to each other on its opposite sides ; 
or whilst we pass through two right angles around its center, the 
plane of polarization has passed through one right angle. The 
diminished image in the middle of the dark space appears as if 
of common light, or is polarized in all planes. 

In another method of observing, we may trace the law of the 
polarization at the conical point, and its connexion with that at 
the edge of the eyelet-hole. The appearances are very interest- 
ing, and considerable mistakes have been made with respect to 
them*. 

We must first premise a proposition of geometrical optics : — 
If fig. 42 represents a piece of Fig. 42. 

a refracting substance, such as 
glass, with any point B on the 
further surface, and we look at 
this point through an opposite 
plane surface, we see a virtual 
image B f of B apparently within 
the medium, or nearer to the eye 
by the distance BB'. The distance 
BB' is about one-third the thick- 
ness for glass, and about one-fourth the depth for water, as may 
be easily seen in a glass of water by looking downwards into it. 

Now the rays after emerging fall upon the eye-glass, and 
enter the eye as if they had come from B f , as in the lower figure. 
Applying this to a piece of arragonite, it enables us to trace 
the positions of the centers from which the rays diverge, after 
emerging from the crystal, and allowing for the refraction, we 
trace the forms of the luminiferous sheets of the surfaces in the 
crystal. 

The annexed figure 43 is the analogous one to fig. 40, for 
this method of observing with the eye-lens cemented to a tour- 
maline plate ; using a minute hole in a piece of tinfoil on the 
first surface for the spot B of fig. 42. 

We see the middle spot to be composed of two, at different 
depths apparently, in the crystal, and polarized at right angles to 
each other. On looking a little obliquely, we see on each side, 
* Philosophical Magazine for May 1841, p. 343. 
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when the two images are separated, that they are polarized like 
the images before discussed as indicated by the lines — and | , 
drawn through the images, the dotted lines showing their con- 
nexion. 

Fig. 43. 



♦ •o 
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When we come near the directions of the optic axes, the 
images turn round each other in a singular way on slight changes 
of the inclination of the crystal, and when we look accurately in the 
direction of an optic axis, the two images run each into a lumi- 
nous ring, as in the figure. On examining carefully, we see that 
there are two rings in reality, at somewhat different depths in 
the crystal, and that each series of images gives its own ring. On 
bringing the eye-lens nearer to or further from the crystal, we 
see that these rings are formed by two conical pencils of rays, 
one of which diverges to form the rays around the eyelet-hole, 
and the other converges to form the conical point in its center, 
as they emerge from the second surface of the crystal. 

Figure 44 shows how the rays diverge from a ring to form 
the eyelet-hole c! in the figure, 
and converge from a ring to Fig. 44. 

form a conical point b in the 
other figure. Now the super- 
posed rings considered as one, 
are completely polarized, but at 
each point in a different plane; 
so that with the eye-glass and 
its analyzing tourmaline, one 
part appears always black ; and 
as we turn the tourmaline half 
round, the black spot runs 
round the whole circumference 
of the compound ring. That the two series of cones, diverging 
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and converging, are polarized according to this law, can be seen 
by drawing the eye-lens from, or pushing it nearer to the crystal, 
but some care is required to notice where the two series of cones 
overlap, and appear then like common light. 



The double refraction of bodies -being connected with their 
crystalline forms, evidently arises from the properties and 
arrangement of their ultimate atoms. The caloric, which is a 
constituent part of the body, in any particular form, has evi- 
dently a great effect also ; thus ice has but little less refractive 
power than water, although so much lighter specifically, its 
atoms having a crystalline arrangement, though at greater di- 
stances than in the state of water, have the properties of those of 
uniaxal crystals, whilst in the more dense state of water they 
only exhibit ordinary refraction. It was therefore to be 
expected that substances which exhibited ordinary refraction in 
some states, might in other states possess double refraction. 
This has been found with many substances, such as unannealed 
glass, ordinary glass which has been heated and cooled suddenly, 
glass under the action of powerful electro- magnets, or when sub- 
jected to pressure or flexure ; gelatinous substances after drying 
rapidly, and transparent substances generally when their atoms 
are subject to unequal restraint. Crystals are frequently found 
which exhibit interference phenomena in polarized light very 
different from those of their normal state, and showing the cry- 
stallization to have proceeded irregularly. Under the influence 
of heat and cold they also exhibit change of optical properties. 
It is therefore evident that the single or double refraction depends 
upon the arrangement of the atoms of bodies, and changes with 
the change of arrangement. 

In general, the existence of double refraction, or change of it, 
in the above-named cases is concluded by the phenomena of 
interference shown by them, but glass was subjected by 
M. Fresnel to so great inequality of pressure as to exhibit two 
rays from a single incident ray. Several liquids exhibit inter- 
ference phenomena in polarized light similar to those seen near 
the optic axis of quartz, and which we conclude to arise from a 
like kind of double refraction. Amongst these liquids are oil of 
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turpentine, solutions of sugar, of dextrine, of gums, &c. In these 
cases it is difficult to show how the atomic arrangement can 
produce the effects in every direction. 

When the sky is clear, if the blue dispersed light be examined 
with an analyzer, it will be found generally to be more or less 
polarized ; the maximum effect being about 90° from the sun. 
There arc, however, several points of no polarization, or neutral 
points, of which a description will be found in Brewster's 
1 Optics/ edition of 1853, page 372. 

If we look towards the sky when uniformly overcast through 
a NicoFs rhomb, with a little attention we perceive what have 
been called from their discoverer, the colour pencils of M. 
Haidingcr. Although this is the best way to observe them, yet 
they may be seen easily in plane polarized light produced in other 
ways, when once the eye has recognized them. They appear as 
faint yellowish and bluish brushes at right angles to each other, 
sometimes one predominating, sometimes the other; the yellow 
being in the plane of polarization. The best way to succeed on 
first making the attempt, is to look steadily at the clouds through 
the rhomb, and then suddenly turn it round its axis through 
a right angle, when the brushes will almost invariably be seen. 

There have been many attempts to explain a phenomenon so 
interesting in the physiology of the eye. The brushes being 
most distinctly seen when the plane of polarization has been 
suddenly turned through a right angle, leads to the following 
conclusions : — first, that of all the colours of the spectrum, 
the retina is the most sensitive to the straw-yellow rays in the 
plane of polarization, and most sensitive to the blue rays in the 
direction at right angles to it; secondly, that, as in many 
other cases, when the retina has been under any one impression 
for some time, it becomes less sensitive to it, and more sensitive 
to the complementary impression. 

When light which is plane polarized is incident upon a trans- 
parent surface, the reflected light has its plane of polarization 
different generally from that of the incident light, and according 
to a rule discovered by M. Fresnel. This law will be found 
discussed mathematically in the Second Part of the present 
treatise. 
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CHAPTER III. 

ON THE INTERFERENCE OF LIGHT. 

In the introductory chapter the property of periodicity in light 
was explained, and the way in which it led, as a certain con- 
sequence, to interference. Newton, considering the luminiferous 
corpuscles to be emitted from luminous bodies without the pro- 
perty of periodicity, imagined that it was given to them each 
separately in certain cases of passing through transparent surfaces, 
or they were thus put into regularly recurring states to be easily 
reflected or easily transmitted when they arrived at another 
transparent surface. In this manner he gave an imperfect ex- 
planation of the colours exhibited by thin transparent plates and 
films, which was long received as an adequate explanation, from 
the want of critical examination. Fresnel showed that even as a 
solution of the colours of thin plates, this doctrine of fits of easy 
refleonon and transmission was inadequate, because it was evident 
that the light reflected at both surfaces of the film (such as a 
soap-bubble) was concerned in producing the colours seen in the 
reflected light. 

It is needless therefore to examine further the Newtonian 
doctrine of periodicity*, or the way in which vibratory motions 
in an aetherial medium might communicate it, since it must now 
be admitted that periodicity is an essential and inherent property 
of light; and if light consists of luminiferous corpuscles, they 
must be emitted in surfaces or shells following each other in 
regular succession as waves follow each other, and at intervals 
which are always the same for the same colours of light. Such 
luminiferous surfaces of corpuscles meeting in a regular manner 
must interfere, but the interference would probably be of a 
different character to the mechanical interference of waves. If 
asked what would be the character of such interference, we may 
say it will be chemical, that is, it will involve higher and more 

* See Newton's < Opticks,' 3rd edition, p. 323. 
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varied mechanical principles than those supposed for vibratory 
and undulatory motions in an elastic medium. It appears that 
this chemical interference is our only resource when interference 
of light is demonstrated, and with circumstances which show 
that it cannot be undulatory interference. 



The experiments in interferences may be classed under three 
heads, — first, those which require the interfering lights to come 
immediately from a luminous point ; secondly, those which are 
seen in ordinary daylight; and thirdly, those which are seen 
only with polarized light. 

The second class are often met with, presenting themselves 
spontaneously to the observer who recognizes them, and are 
generally the easiest to perform; but the first class are the 
simplest in their explanation, and so must be considered first. 

The fundamental experiment of interferences, which may be 
said to have finally demonstrated that property of light, was dis- 
covered by M. Fresnel*. He considered that if the beam of 
light, radiating from one luminous point, were made into two 
beams by being reflected at two plane mirrors, they would be in 
like circumstances, and be in a state to interfere, having come 
from a common origin. On trying the experiment with the 
needful precautions, the interference was evident, and in circum- 
stances where no other explanation could be given; hence it 
became a necessary property to be considered in every hypothesis 
of the nature of light. Having been discovered upon considera- 
tions of the undulatory theory of light, too little care was ex- 
hibited to learn whether the interference was really an undulatory 
interference or not. The points where the undulatory explana- 
tion fails will be pointed out in the propositions as they arise. 



To form a luminous point we find the sunlight by far the best. 
If the sun shines directly through a convex lens of short focus, 
which may be one inch, one-fourth of an inch, or one-tenth of an 
inch, according to circumstances, as we want a stronger light, or 
require a smaller luminous point, we have an image of the sun 

* Annates de Chimie et de Physique, 1819. 
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formed in the focus, and the rays diverge again from this image 
as a luminous point. The magnitude of the image is found thus : 
the sun's angular diameter 
being about 32 minutes 
of a degree, the image at 
the focus F of the lens A 
subtends at the center of 
the lens the same angle. Now if the lens be of one inch focal 
length, the diameter of the image is one inch multiplied by the 
chord of 32 minutes, and equals .0093 of an inch, or ToT th of 
an inch. If we are experimenting at short distances from the 
luminous point, this may be considered too large, and we may 
use a lens of shorter focus. The luminous point is generally 
used in a darkened room, and sometimes, if the light must be 
thrown horizontally into the room, the mirror of a solar micro- 
scope would be used for this purpose, the framework with which 
it works being attached to the opening made in the window- 
shutter. For accurate measurements, an instrument called a 
heliostat would be employed to throw the sun's light always in 
the same direction, the movement of the mirror being performed 
by a clock*. 

For many popular experiments a darkened room is not neces- 
sary, and a luminous point can be obtained much more simply 
than as described above. When the sun's light falls upon a 
convex mirror, the reflected light diverges from the image of the 
sun, formed by the mirror, which may be used as a luminous 
point. The mirror may be of any of the following forms, and 
should be placed upon a large piece of black cotton velvet. A 
convex mirror of highly polished speculum metal would be the 
best, but for ordinary use a silvered watch-glass, a white metal 
spherical button, a bulb of a thermometer, or in a good form the 
hollow silvered glass spheres sold as beads ; and perhaps amongst 
these latter, the best of all are the hollow silvered spheres of 
glass, which are called German lamps, and sold at the toy shops 
to hang in Christmas trees. For experiments in diffraction, one 
of these may be very conveniently used. 

To try the fundamental experiment of interferences, let F be 

* For the construction of a simple heliostat, see Phil. Mag. for January 
1833, p. 6. 
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the luminous point, such as the sun's image in the focus of the 
lens L. Let AB, AC be two plane mirrors inclined to each 

Fig. 46. 




other at a very small angle, or nearly in the same plane ; then 
each mirror will give a virtual image of F, which is at an equal 
distance behind the mirror to what P is in front of it. Let a 
and b be their positions; then after reflexion the light will 
radiate as if coming directly from these images, and will be in a 
fit state to interfere. Draw Vm a straight line bisecting perpen- 
dicularly the line joining a and b y then every point in it, such as 
P, will be at an equal distance from each of them, but points 
such as p out of the line Vm will be at unequal distances from 
a and b. Now if the circular arcs at QP, Q'P represent lumi- 
niferous surfaces originating as if from a and b> the two series 
must interfere where they overlap, and in some places destroy 
each other's effect, but in other places strengthen each other. 

Along the line Pm the luminiferous surfaces will meet in the 
same state, and according to the undulatory theory will strengthen 
each other, and produce a brighter light, whatever be the inter- 
val between the successive surfaces. On each side of this line 
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the effects will be symmetrical, so that it is the place of central 
interference for all colours; but the distances on each side 
where the luminiferous surfaces will be again in a like state of 
accordance, represented by the crossing of the arcs in the figure, 
will depend on the interval between them, which is different for 
different colours, and for red is half as much again as for violet 
light. We see that on each side of Pwi the places of accordance 
will occur in regular succession, and in the undulatory theory 
form a series of bright bars, if the light were received on a 
screen ; but the distances between them would be least for violet 
light, and greatest for red, and intermediate for the other colours 
of the spectrum, so that the coloured bars would be separated 
except along the middle line Pm. This, in experiments, serves 
to distinguish the central bar, namely, that the other bars are 
coloured symmetrically on each side of it. 

Now half-way between two places of complete accordance 
there must occur a place of complete discordance, where the 
difference of distances from a and b is \ an interval, or f , or f , 
or £, &c. of an interval, and according to the undulatory theory 
there would be complete darkness in these places. Between 
these and the places of complete accordance would occur all 
intermediate states of discordance and accordance. Prom these 
premises it will be seen that there would be a series of bright 
bars shading into dark ones, and all more or less coloured on 
their edges except the central one. 

Instead of receiving this interfering light on a screen, it is far 
the best way to observe it in the method of M. Presnel, with a 
magnifying eye-lens in the air; for the eye-lens shows to the eye 
what occurs in the air at its focus, and with much greater bright- 
ness and certainty than can be seen on any screen. 

Now whether the mirrors be of highly polished speculum 
metal or glass blackened at the back, the central bar is seen to 
be a black one, with the colours symmetrical on each side of it, 
when the sun's light is brightest, and the atmosphere free from 
thin clouds; but it is frequently doubtful when there are thin 
cirro-stratus clouds in the air, and the author has seen it un- 
doubtedly a bright one when the sun was near setting. It has 
been seen certainly a bright bar when the luminous point was 

£ 
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formed at a hole in a thin plate of metal, and the light which 
had grazed the edge of the hole was used. 

The existence of a central black bar in normal circumstances 
is certainly inconsistent with an undulatory theory of light, and 
this was the first experiment which shook the author's confidence 
in that theory. It appears, however, that light is so modified in 
passing through haze, or at an opaque edge of a small hole, as to 
acquire an anatropy or inversion of properties ; and we shall find 
frequently that this modification must be remembered, as it 
continually occurs. 

The mirrors are best formed of highly polished speculum 
metal, but these are difficult to obtain. Mirrors of glass are, 
however, easily made and quite sufficient. Plate-glass, if optic- 
ally polished, is the best sort ; but if not at hand, the best parts 
of common window-glass are far preferable to imperfectly 
polished plate-glass. Pieces of window-glass should be examined 
with a magnifier until a piece is found free from ridges, spots, 
and other imperfections, and as flat as possible. Taking a piece 
of this about 1£ inch square, we must get a cut from a diamond 
made across its middle parallel to two sides, and heating it over 
the flame of a candle, rub a coating of black sealing-wax on the 
side which is the least perfect, and which is to be the back. This 
coating of black sealing-wax, melted on the glass, takes away the 
reflexion of the back surface ; and breaking the piece now at the 
diamond cut, we have two mirrors, of which the edges can be 
brought close together. 

These glass mirrors must be mounted in a wooden frame, so 
that when they are got into their proper position they will 
remain so. The two edges at the diamond cut being placed 
together accurately, the mirrors must be inclined to one another, 
so that when we look past their junction at a distant window- 
bar, its images may appear slightly separated. Now the distances 
of the luminiferous surfaces, as will be seen in the table accom- 
panying the articles upon the colours of thin plates, average about 
one fifty-thousandth part of an inch, and if the edges are not 
accurately together, the interference may not be seen. On account 
of the mixture of colours, only ten or twelve bright bars at most 
are visible in ordinary sunlight ; and if the edge of one mirror 
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projects only one-thousandth part of an inch above the other, it 
may displace the central bars the breadth of many bars out of 
the way, and no interference will be seen. To get the two 
edges accurately together, pass the finger-nail across the junction 
backwards and forwards, and it will soon be felt which projects 
and requires adjusting. The glass mirrors, in order to get a 
bright reflected light, should be used at considerable obliquity, 
far beyond the polarizing angle ; and a little patience in getting 
the positions and adjustments will be rewarded with success. 
The distance from the luminous point to the eye-lens should be 
several yards, and the best intermediate place for the mirrors 
can be found by experiment. 

Fresnel also invented the obtuse-angled prism to try the same 
experiment, as ACB in fig. 47. 
When once obtained, these g * '* 

prisms are very convenient for 
showing the experiment in a 
popular way, as they are easily 
mounted in their place, and are 
not liable to get out of adjust- 
ment like the mirrors. But 
they require the two plane faces 
AC, BC to meet sharply up to 

the angle C, and this requires more care than the working opti- 
cians will generally give in the grinding and polishing. The 
angle ACB should be not more than two or three degrees less 
than two right angles. 

If F be the luminous point, its two images a and b will be as 
in the figure, and the interference phenomena are produced as in 
the last method with mirrors. 

These experiments can be tried with lamplight by using a line 
of light in place of a point of light, and placing the edge where 
the mirrors meet accurately parallel to it; or if the prism is 
used, the edge in which the faces meet at C must be accurately 
parallel to the line of light. The line of light would be generally 
the light of an Argand or other good lamp shining between the 
straight edges of two plates of metal nearly close together. 

These experiments furnish the means of measuring the lumi- 
niferous intervals for different colours of light, for which we 

e2 




52 



PHYSICAL OPTICS. 



Fig. 48. 



generally put the Greek letter \. Suppose P and c are the places 
of like interference, in the last figure, such as the centers of 
neighbouring dark bars, and we measure accurately with a 
micrometer the distance Pc ; then if we measure the angle which 
the distance ab subtends at P, this is the angle Vcd in the tri- 
angle Vcd, and this being known, the side Pd, which is (\) the 
luminiferous interval, is easily calculated. 

To find the angle Vcd we require only to know the distance of 
a and b, and their distance 
from P. Their distance from 
each other is obtained by 
experiment as follows: place 
a thin plate of metal, as AB 
(fig. 48), with a small pin- 
hole in it, half-way between 
the micrometer and ab, measure the distance ci V of the centers 
of the beams transmitted through the hole with the micrometer, 
and this is the distance of a and b as required. The centers a! 
and b/ of the transmitted beams are well seen in the diffracted 
light furnished by the small hole in AB. The distance of P 
from a and b is easily measured with a rule. 

M. Presnel found the luminiferous interval for the red light 
transmitted by the old red glass of stained glass windows to be 
.0000251 inch. 

The author, by a like experiment, found it, for the red of infu- 
sion of alkanet root in oil of turpentine, to be .0000266 inch. 

These are the measures inserted in the general table of the 
values of \, which will be found in the discussion of the colours 
of thin plates further on. 
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ON THE DIFFRACTION OF LIGHT. 

The experiments in diffraction require a luminous point or line 
in order to show them well, but they are very easy to perform. 
The term diffraction was first given by Grimaldi*, who has 
described some cases. Newton described some forms of experi- 
ments under the term inflexion of light in his ' Opticks.' Dr. 
Youngf undertook the explanation of the fringes or bars at the 
borders, and within the shadow of narrow bodies, by the doctrine 
of undulatory interferences, and thus brought that theory again 
into notice, which has since, by himself and M. Fresnel, been so 
fully developed, and so generally received by mathematicians. 

The simplest way of showing these fringes is as follows : take a 
strip of card2inches long and Fig. 49. 

fths of an inch wide, and cut 
in its center A (fig. 49) a 
hole -j^th of an inch broad, 
and £th of an inch long, with 
the long side of the hole 
parallel to the length of the 
card : bend the card twice at right angles at B and C in the 
figure, and making slits at the ends, stretch a hair of the head 
across from one to the other, as ab. Now looking through the 
hole A, past the hair towards a flame of a candle D, which 
should be as distant as possible, and in a dark room, we see 
coloured fringes on each side of the shadow of the hair, and 
narrower and less coloured bars inside it. 

To try the experiments of diffraction accurately so as to be 
enabled to make measures of distances, &c., a luminous point 
and a dark room should be used. 

To examine the diffracted fringes near the shadow of a narrow 
body, let P be the luminous point, A the section of the narrow 
body, such as a needle, L the eye-lens, and E the eye in fig. 50. 

* Physico-Mathesis de Lumine. Bononise 1665, and an account of the 
work, Phil. Trans. 1672. 
t Phil. Trans, for 1802, p. 389. 
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Draw lines from F touching the sides of the body A, then if 

Fig. 50. 
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these lines be continued onwards, the space between them is 
called the geometrical shadow of the body A, or the shadow as 
it would be if the light were unaffected by diffraction on passing 
the edges of A. 

When we examine this shadow with the eye-lens, we see bars 
or fringes within it and without it, as sketched in the figure. The 
exterior bars are highly coloured and faint, and only three or four 
are visible in ordinary white light ; their breadths depend on the 
distances FA and AL only, and become broader as AL is greater. 
The interior bars are bright and dark alternately, with less colour 
than the exterior ones, and their number, and consequently their 
breadths, depend upon the size of the body A, as well as on 
the distance AL. They are narrower and more numerous as 
the body (supposed narrow) is broader. 

Dr. Young's explanation was as follows : let F (in fig. 51) be 
the luminous point, AB the section of Fig. 51. 

the body, draw FAM, FBN touching ^p 

the body at A and B, then between 
M and N is the geometrical shadow. 
Let P be a point without and p a 
point within this shadow. Now at P 
the interference arises from a ray AP 
reflected at the edge A, with the one, 
FP, coming direct from F to P, and 
the distances FA and AP together are 
greater than FP, so that the reflected 
ray is retarded behind the direct ray/ 
and the interference depends upon the 
amount of this retardation. The ob- 
jection to this view is, that half an interval is required to be 
considered lost in reflexion at A, since at the boundary of the 
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geometric shadow there is darkness instead of brightness, the 
two rays having travelled the same distances to that point. This 
begging half an interval was considered an objection to the 
undulatory theory, since no reason could be given why it should 
be this magnitude, and for all colours with their different mag- 
nitudes of intervals. With this half interval allowed, the 
measures of the positions of the fringes in homogeneous light, or 
that of one colour only, were found by M. Fresnel* to be in 
accordance with theory within the limits of errors of observa- 
tion. 

The interference at p within the shadow arises from the rays 
inflected into the shadow at A and B, the two edges of the body. 
The central bar is always a bright one, and the whole are in 
accordance with the undulatory explanation. Bringing a card 
up to one side of the body, the bars disappear, showing that they 
arise from the interference of two pencils. 

The light inflected into the shadow is best examined within 
that of a broad body, when the exterior fringes will be seen, and 
also the inflected light shading away gradually into darkness 
within the geometrical shadow. If we consider, with Dr. Youngf, 
the form the luminiferous surface must take, except as to the 
loss of the half interval, we shall find it such as the curve line 
PM/? in the figure ; since the change is from a direct ray FP at 
P to an inflected ray at p, and then gradually to darkness within 
the shadow, and from this back to rays reflected at A ; and thus 
it forms a continuous but duplicate sheet. Now within the geo- 
metrical shadow of a narrow body the duplicate sheet from one 
side interferes with the duplicate sheet from the other side, and 
we might expect different results to those of the interference of 
single sheets. It appears that the interior fringes should be 
considered to have been subject to anatropy or inversion, and 
that the external ones are the normal cases of interference ; the 
phenomena are then in accordance with the experiments with 
the two mirrors, and the interference cannot be undulatory 
interference. 

M. Fresnel having afterwards adopted another view, it becomes 
necessary to examine if the inflected and deflected light supposed 

* Annales de Chimie et de Physique for 1815, tome i. p. 239. 
t Philosophical Transactions for 1802, p. 43. 
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The edge and back of a razor 
Fig. 52. 




by Dr. Young does really exist, 
are often referred to, as af- 
fording the same exterior 
fringes. Now if we place the 
blade of a sharp razor with a 
round back in the sun's light, 
as in fig. 52, we shall, by 
placing the eye in the different 
positions and shading it when 
required, see both inflected, 
and deflected or reflected light 
to come from A and B. There 
is this difference, however, the 
sharp edge A gives a feeble reflected light compared with the 
round back B, but it gives an inflected light far stronger and 
visible much further into the shadow. These in fig. 52 are sup- 
posed to be represented by the closeness of the lines drawn to 
represent the rays. 

Now the existence of these inflected and deflected rays being 
easily visible, it is clear we have sufficient causes for the interfe- 
rence which we see, without any other theory, and they cannot 
be neglected. 

M. Fresnel's later method*, which 
has been generally adopted, was an 
extension of Huygens's principle, as 
explained in discussing the law of the 
ordinary refraction of light. The wave 
from a luminous origin F, on arriving 
at an opaque screen AB, being partially 
interrupted, the portion Apmnc being 
supposed made up of elementary origins 
as mn, the integral effect or sum of the 
effects of these at a point F was con- 
sidered to give the intensity of the light 
at P. This method of solution gives 
very nearly the same results as Dr. 
Young's method without begging half an interval. The differ- 
ence between the solutions being very slight, M. Fresnel states 
* Annates de Chimie et dc Physique for 1819, tome xi. p. 246. 
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that a re-examination of the experiments showed them nearer to 
his later than to his former method, which was Dr. Young's. 

Now this method of considering a wave in any position as made 
up of the elementary origins of new waves, fails completely to 
give results in accordance with the experiments in many other 
cases*. 

We must hence conclude that the phenomena of interference 
must be discussed in the method introduced by Dr. Young, but 
noting that the normal case gives darkness where the rays have 
travelled over equal distances, contrary to the undulatory theory 
of light; and where there is inversion of properties, there is 
brightness where the rays have travelled over equal distances. 

If the opaque body has an angular point, as ACB (fig. 54), of 
which the geometrical shadow 
is achy the exterior fringes are *' 

seen bending in continuous 
curves round the point, and the 
interior bars becoming less 
numerous and more divergent 
as we come nearer to the point, 
the central one being a bright 
one. 

If the body is a small circular 
opaque disc, we have the exte- 
rior fringes in rings, and the interior ones have a bright spot 
for centerf. To try this experiment, a disc of ^th of an 
inch diameter or smaller, should be turned in metal, with a 
moderately sharp and smooth edge, and a smaller base by which 
it may be cemented to a well-polished sheet of plate-glass. By 
this means, when the disc is placed in the light diverging from 

* Compare Mr. Airy^ tract ' On the Undulatory Theory of Optics,' articles 
78 and 25, with Newton's experiment, ' Opticks,' 3rd edition, p. 304 ; or 
HerscheFs ' Treatise on Light,' art. 742. See the Rev. S. Earnshaw's paper 
" On a triangular aperture before the Object-glass of a Telescope," Cambridge 
Phil. Trans, vol. vi. p. 431 ; papers by the author and others in the ' Philo- 
sophical Magazine' for October and December 1840, January and August 
1841 . Mr. Airy's paper " On the interference of Light near a Caustic," Camb. 
Phil. Trans, vol. vi. p. 379, for 1838 ; and the author's paper on the same 
subject in the " Philosophical Magazine' for May 1855. 

t See Philosophical Magazine for August 1841, p. 151. 
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the luminous point, it will appear as if suspended in the air, and 
the diffraction will be seen complete. 

When light passes through small apertures, after diverging 
from a luminous point, we have interference effects from the 
direct, the inflected, and the deflected lights. 

When the aperture is a long and narrow parallelogram between 

Fig. 55. 




metallic edges, if we examine with an eye-lens very near it, the 
light passing through the aperture, we see the diffracted fringes 
as above discussed, and the light inflected into the shadow 
shading away to darkness on each side ; but when the aperture 
is narrow compared with the distance of the eye-lens, we have 
the rays diffracted at the edges interfering with each other as 
well as with the direct light. 

Let F (in fig. 55) be the luminous point ; A and B the edges 
of the aperture, which may be cut with a penknife in a piece of 
tinfoil attached to a plate of glass, and let F be the center of the 
transmitted beam, which is examined with an eye-glass, as in the 
figure. Then at some distances of P from A and B we have a 
bright bar in the center, at others a dark bar, and at others 
again variously coloured ones; these all depending upon the 
retardations of the rays FA, AP or FB, BP behind the direct 
ray FP. At other places, as p, the rays diffracted from A and 
B interfere, and produce great varieties of beautiful effects. 
When the distance of the eye-lens from A and B is exceedingly 
great compared with the width of the aperture, we have finally 
a bright central bar ruddy on its edges, and highly coloured bars 
symmetrical on each side of it. 

If the edges, instead of being parallel, meet at an angle, as in 
Newton's experiment of two knives with their points stuck into 
a piece of wood, and their edges meeting at a small angle, say a 
little less than two degrees, we have the light passing through 
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this angular aperture, exhibiting the whole of the above pheno- 
mena at the same distance of the eye-lens, arising from the 
variable distance of the edges. 

If AB, AC (in fig. 56) are the boundaries of the geometrical 
shadows of the knife-edges, 
then the fringes take the * 

forms of twosetsofhyperbolas 
as in the figure, with asym- 
ptotes, the lines AB, AC and 
the line DAE perpendicular 
to a line which would bisect 
the angle BAC. 

We see that there is not 
$ny break in the continuity 
of the interference curves 
though the different parts 
are formed so differently. 
The crossing of the hyper- 
bolas shows how the central 
bar at moderate distances exhibited such variety of brightness 
and colour when the aperture was a narrow parallelogram. 

The bright part near the angle A shows how at very great 
relative distances we found a bright central bar and coloured 
ones on each side of it. 

The properties of the hyperbola referred to its asymptotes, 
enable us to compare the breadths of the fringes with the di- 
stance of the knife-edges at given places. An approximation for 
points near the angle A, has been given in the undulatory 
theory as the strict rule, for the form of the fringes. 

When the aperture is a small circular hole, such as a pin-hole 
in a thin plate of metal, as a piece of lead beaten thin, or tinfoil, 
the appearances in the transmitted light are very interesting, 
consisting of rings and a central spot continually changing in 
character and colour with change of distance of the eye-lens. 
Where that distance is very great, the center becomes perma- 
nently a bright one. The changes are analogous to those of the 
two last cases. 

When there are two apertures near together, whether parallel- 
ograms or circles, we have besides the interference of the sepa- 
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rate apertures, that of the diffracted light of one with the dif- 
fracted light of the other aperture. 

In fig. 57, let A and B be the two apertures, and p a point 



Fig. 57. 




where lights diffracted at each of the apertures will meet, then 
we have a new interference superadded to that for the separate 
apertures themselves. 

It was by an experiment of this form that MM. Arago and 
Fresnel proved the properties of polarized beams with regard to 
interference, by placing plates of tourmaline, cut from the same 
plate, before the apertures A and B ; it was then found that if 
the plates were in similar positions, the interference occurred as 
in ordinary light, but if they were set at right angles there was 
no visible interference of the two beams. This showed that two 
beams of light, polarized in planes at right angles to each other, 
did not interfere so as to produce change of brightness. Lake 
experiments were tried by placing bundles of plates of mica 
before the apertures. A reference to these experiments will be 
found in the chapter on Polarization. 

When plates with many and varied apertures are used, such as 
the perforated zinc used for window-blinds, the play of colours, 
and the varied forms of the interference curves, are frequently 
magnificent. 

Lord Brougham has lately investigated some interesting cases 
where the light diffracted by one edge of an opaque body fells 
upon another edge and is diffracted again. The phenomena then 
exhibited merit the attention of those studying the higher 
branches of Physical Optics. See tome xxv. de rAcademie des 
Sciences. 

Mr. Barton, by ruling, in a machine constructed for the purpose, 
very fine lines exceedingly close together upon surfaces of polished 
steel with a diamond, produced what he termed iris ornaments, 
giving splendid rainbow phenomena. He also stamped from 
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steel dies the same kindof systems of fine lines in various patterns 
upon gilt buttons. These articles, neglected by the vanity of 
this world, are become rare and valuable philosophical apparatus. 

An approximation to the effects of Mr. Barton's iris buttons 
are seen when we look through feathers of birds towards a lumi- 
nous point. 

Mother-of-pearl owes its colours to the same order of diffrac- 
tion from systems of fine lines close together. Those on mother- 
of-pearl may be copied upon sealing-wax by pressure when it is 
soft, and it will then exhibit the interference colours. 



We are indebted to M. Fraunhofer for the discovery* of a 
class of diffraction experiments, which are amongst the most 
beautiful sights known, as well as important in their theoretical 
bearing. In these experiments various forms and arrangements 
of apertures are placed before the object-glass of a telescope, 
which is directed towards a luminous point. 

A very simple and easily made telescope is sufficient to exhibit 
these beautiful interference phenomena. A common spectacle 
lens of two or three feet focus, and an eye-lens of one or two 
inches focus, mounted in tubes of pasted paper, are quite suffi- 
cient, whilst micrometer measures are not intended to be taken. 
The length of the outer tube carrying the object-glass should be 
nearly the focal length of that glass, and the length of the inner 
one fths of it. This latter carrying the eye-glass, can then be 
drawn out so as to view distinctly a luminous point which is 
moderately near. The Kg. 68. 

lenses should be set as ^ 
perpendicular to the axes J^nj" 
of the tubes as possible, 
and the whole may be 
mounted conveniently on 
a wooden stand, as in 
fig. 58. 

Let A be the object-glass, B the eye-glass, with an eye-hole 
a little less than its focus from it at the eye-end of the telescope. 

* "Neue Modifikation des Lichtes," Denkschriften der Akademie zu 
Miinchen, fur das Jahr 1821. 
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Let the eye-tube be drawn out until the image of the distant 
luminous point is seen in the telescope distinctly, then place the 
support of the apertures at C, between A and the luminous 
point, and the interference phenomena will be seen in the tele- 
scope at the focus of the eye-glass. 

On account of the magnifying power of the telescope the 
luminous point should be small, and as distant as can be con- 
veniently used. If only short distances such as four to six 
yards can be employed, the object-glass should be only of one to 
one and a half foot focus. It will be found convenient to have 
the support for the apertures attached to the object end of the 
telescope. 

The first experiment to be tried is to place a straight edge of 
a knife or of tinfoil across the object-glass, and covering part of 
it, as a* (fig. 59). The 9 

image of the luminous 



point which appeared as 
a bright spot/, before the 
straight edge was placed 
before the object-glass, ■ 
now appears with a bright H 

bar cd through it, as in ^^^^^^^^^^^^™ 
the figure. It is easy to see how the bright bar arises. Refer- 
ring to fig. 51, we see that the luminiferous surface, where 
altered by diffraction, after passing the edge ab (fig. 59), is un- 
affected in the direction parallel to the edge, but will be formed 
of arcs nearly circular in the direction perpendicular to it. Now 
in the first direction the object-glass brings the rays to a focus, 
but in the second it has no effect, since the diffracted rays 
originate at points nearly at its surface, and thus these diffracted 
rays are refracted into a straight line by the object-glass. 

If we place two straight opaque edges inclined at a small angle 
in front of the object-glass, as in fig. 60, then in the field of view 
we have a bright point, with two rays through it as in the figure, 
each perpendicular to one of the edges, and faint bars in the 
obtuse angle as in the figure, which arise from the portions of 
the luminiferous surfaces, which give the parts of the hyperbolic 
fringes near the angle of fig. 56. 

When the aperture is a small equilateral triangle, as in fig. 61, 
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cat in tinfoil, we have a beautiful six-rayed star, as in the figure. 
The formation of the rays is evidently the same for each as for 



Kg. 60. 




Fig. 61. 



the single edge, except 
near the angles, where an 
effect as in the last case 
occurs. 

There are changes, 
however, attending the 
change of size of the aper- 
ture. With an object- 
glass of 17 inches focus, 
when the sides of the tri- 
angle were }ths of an 
inch, the rays came up to 
the central spot; but when 
the sides did not exceed 
£th of an inch, the rays 
were barred across, and 
separated from the central 
spot. When the eye-lens was put out of focus on either side, the 
six rays were found to change continuously into hyperbolic 
curves and series of bars alternately. The appearances on the 
opposite parts from the center of the three straight lines being 




interchanged on passing through the focus, 
these results arise from the hyperbolic 
curves of fig. 56, modified by the object- 



Fig. 62. 



When the aperture is a narrow slit or 
long parallelogram, as in fig. 62, of y^th 
of an inch broad, the central image / is 
elongated, and the line broken up into 
coloured spectra, as in the figure, by the 
interference of the light diffracted from 
one edge with that from the other. 

As the slit is under the spectra are closer. 

When two of these slits are crossed at 
right angles, we get a small square aper- 
ture, which gives a four-rayed star, and 
the spectra are broader, as in the next case. 
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When a square aperture was used of about Jth of an inch in 
the sides, the appearance was a square-shaped central spot, with 
rounded corners and four barred rays, as in fig. 68. 

When out of focus the appearance was that of nine spots, all 
coloured except the central one, and many other small ones in 
square arrangement, as in fig. 64. 

With a square aperture half an inch in the sides, the four-rayed 
star was again seen, as in fig. 65, with the transverse bars very 
close and narrow. Out of focus on either side, the four-sided 
center showed the origin of the nine images, with fainter ones 
more distant, as in fig. 64. The appearance in this case was like 
fig. 66, with the rays striped longitudinally. 



Fig. 64. 



Fig. 65. 



Fig. 66. 






These are the ordinary diffraction phenomena modified by the 
object-glass, as considered in the first experiment. 

A small circular aperture gives an enlarged central spot as an 
image of the luminous point, towards which the telescope is 
directed, with coloured rings around it. The central spot 
becomes smaller, and the rings closer as the aperture is enlarged. 
This experiment explains the origin of the spurious discs of the 
fixed stars which are seen in telescopes, and shows how they 
become larger as the circular aperture of the object-glass is 
diminished. 

When a number of small apertures in regular positions are 
used, varied and very beautiful appearances are produced. 

A series of small circular holes in perforated zinc, in square 
arrangement like the figure 67, at a, gave an appearance like 
that at A in the common focus of the object-glass and eye- 
glass. 

The central spot of the nine larger ones was white, being the 
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ordinary image of the luminous point, but the others were 

splendid prismatic Fig. 67. 

spectra. 

When wire-gauze, 
such as is used by 
corn-millers, was 

placed before the ob- 
ject-glass, spectra 
similar to the above 
were formed ; and 
when it was coarse, 
there were twenty-one 
brilliant spots, with four fainter ones in the angles of the square. 
It is to these appearances that Sir John Herschel refers, when 
he calls them " the most magnificent phenomena in optics." 

When a plate of perforated zinc, with larger circular holes at 
regular distances surrounded each by eight small holes, was 
placed before the object-glass, the appearance was very interest- 
ing. It consisted of a central bright star, with small coloured 
spectra close around it, and then a broad faint coloured ring 
studded with stellar points. 

There are many other arrangements of combined apertures 
which give very beautiful appearances. 

Fraunhofer tried many important experiments with gratings 
placed before the object-glass, which consisted of fine lines 
drawn with a diamond upon glass very close together (200 to 
1000 in an inch give very distinct spectra), upon gold-leaf on 
glass, and on grease upon glass. These gave spectra in which 
the colours were separated so accurately as to show the fixed 
lines, and being independent of the dispersive power of glass or 
other medium, formed into a prism to show the pure solar spec- 
trum; this diffraction spectrum has been called the normal 
spectrum. 
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ON THE INTERFERENCE COLOURS OF THIN PLATES. 

The colours of thin films present themselves very frequently 
to our notice in ordinary daylight. The soap-bubble, thin films 
of varnish, tarnish on metallic surfaces, the decaying surface 
of glass which has lain in the earth, cracks in transparent 
substances, and numerous other cases exhibit these colours in 
ordinary daylight. In these cases every luminiferous surface 
which is reflected in two by the two surfaces of the thin film, 
produces like interference, and the phenomena are visible at 
once. 

In all these cases there are two reflecting surfaces near toge- 
ther, and the phenomena are called generally the colours of thin 
plates. The easiest way of forming a permanent thin plate for 
experiment, is to press two surfaces of glass together, and thus 
obtain a thin plate of air between two reflecting surfaces of glass. 
When wiped very clean, even thick pieces of plate-glass can be 
bent by the pressure of the fingers so as to show these inter- 
ference colours. When we want the bands of colour of con- 
siderable breadth, this is often the best way to obtain them; 
but two pieces of window-glass taken at random are seldom so 
flat everywhere, that, on cleaning them well, they do not even 
with slight pressure exhibit colours in irregular rings in some 
parts. 

Let CADB be a trans- Fig. 68. 

parent film, such as part 
of a thin blown bulb of 
glass, or a soap-bubble; 
S A a ray of light incident 
at A, refracted in AB, and 
finally emergent in BR. 
Now there will be rays 
reflected as AP from the 
first surface at A, and as 
BA' from the second surface at B. The latter falling at A' on 
the upper surface, will be partly emergent in A'Q, and partly 
reflected in A'B'. This latter will be partly emergent in BT, 
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and partly reflected again. Now if we suppose a luminiferous 
surface at M to be perpendicular to SA, the incident ray, we 
shall have the corresponding luminiferous surfaces after the 
» reflexions perpendicular to the rays respectively; but the one 
at n perpendicular to A'Q will be retarded behind the corre- 
sponding one at m perpendicular to AP by the distance mn, 
which equals AB plus BA' within the film, or AB plus A'B 
multiplied by the refractive index of the film in air ; and origi- 
nating from a common luminiferous surface M, they are in a fit 
state to interfere. 

The luminiferous surface at/?, perpendicular to the emergent 
ray BE, is followed by another at q, which is perpendicular to 
the ray twice reflected, namely at B and A', which emerges at 
B', and the retardation of the latter equals BA' plus A'B' in the 
film, or the same as the reflected rays if we consider the surfaces 
of the film parallel through the small space AA'B'B. This 
retardation in the medium is to be converted, as before, into the 
corresponding one in air. 

Now the two reflected rays do not differ greatly in intensity, 
which is for each about ^th that of the incident light for glass, 
and therefore their interference produces blackness where they 
destroy each other. The transmitted light has the principal 
beam of little less intensity than the incident beam, having lost 
about s^th part by reflexion at each of the points A and B ; but 
the intensity of the twice reflected beam, which interferes with 
it, is about T \yth of 3 \;ih, or ^£^th of that of the incident beam ; 
hence the difference of the intensities of the bright and dark 
bands is never like what occurs in the reflected beams. It is, 
however, much greater in red light than we should have expected, 
and differs for different colours of the spectrum, being least in 
violet light. This is contrary to the undulatory theory, and will 
be referred to again. 

When the thin plate of air is formed between two spherical 
surfaces of glass, as when two lenses are pressed together, or 
when one of the surfaces is plane, the interference curves become 
circles, and the phenomena are called Newton's reflected or 
transmitted rings respectively. 

Let the figure 69 represent a plate of glass laid upon a convex 

f2 
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lens ; let C be the point of contact, and CA'ADBB' the thin 
plate of air, from the reflexions at K g9 

the surfaces of which the inter- 
ference arises in the beams emer- 
gent from the glass. 

Now the retardations from 
which the interferences in the 
reflected and transmitted lights 
arise, will be similar to the former 
case, and will be the same at the 
same distance from C in all direc- 
tions around it, and hence the 
interference bands will be now circles with center C. If the 
light falls nearly perpendicularly on the surface, the retardation 
of one ray behind the other in both systems is twice the thick- 
ness of the plate of air at any given point, and this can be easily 
calculated when we know the radius of the spherical surface. 
We know by geometry that the thickness of the plate of air is 
proportional to the square of the distance from C, and for this 
reason the rings are broadest near the center, and become 
rapidly narrower as they are further away. The same inter- 
ference occurring when the retardation is X, or 2X, or 3X, &c. ; 

and also when it is ~, or -^ , or -^ , &c., we have the radii of the 

bright and dark rings proportional, one of them to the square 
roots of the series of numbers 1, 2, 3, &c., and the other to the 
square roots of the series of odd numbers 1, 3, 5, 7, &c. 

The interference depending on the relation which the retarda- 
tion bears to the interval X between successive luminiferous 
surfaces for each colour, the bright and dark rings have different 
radii for the different colours of the solar spectrum, and hence 
near the center the rings are coloured on their edges, blue on the 
inner edge, and red on the outer edge ; but after a few alterna- 
tions, the colours become so mixed in ordinary daylight as not to 
be discernible beyond eight or nine rings in number. If, however, 
we employ homogeneous light, or that of one colour only, such 
as the light from a spirit of wine lamp with a salted wick, we 
see great numbers of bright and dark rings m the reflected 
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light, which only becomes of apparently uniform intensity by 
their being very close together. By placing before the eye 
pieces of red, green, or blue glass, although the light they trans- 
mit is not quite purely of one colour, yet great numbers of rings 
are visible ; and it is also easily seen that in red light they are 
larger than in green, and in green they are larger than in blue 
light. When measures of the rings of different colours are 
required, a pure solar spectrum should be used ; and then, when 
the diameter of a given ring (say the sixth where the thickness 
of the plate of air is six times that where the first occurs) is 
measured, we have the means of calculating the value of the 
luminiferous interval (X), since the radius of the spherical surface 
is supposed to be known to great accuracy. By many measures 
Newton concluded that (with citrine yellow light, as in observa- 
tion 16) the distance between the reflecting surfaces, or the 
thickness of the air where the darkest part of the first dark ring 
occurred, measuring from a black center*, was ^g^^th part of 
an inch. Now the retardation is the double of this, and is the 
value of X, since it is the retardation in going from the black 
center to the first black ring, or ¥¥ y ^th °^ ^ mcn « 

With this for basis and the proportions for other colours from 
analogy with the musical notes in an octave f, which Newton 
gives, the three first columns of the following table were com- 
puted by Dr. Young J, and still remain the numerical basis of 
Physical Optics, until better methods of measuring the intervals 
(X) shall have been established. 

It will be noted in the table, that the measures for the red rays 
are not more different than might be expected from different 
methods of experiments. M. Fresnel and the author never- 
theless concluded that the numbers of Dr. Young were rather 
too small. The difference for the violet rays, as determined by 
M. Fraunhofer, is, however, very great ; and it is a desideratum 
of Physical Optics, that a correct table of the values of X should 
be obtained by a fresh comparison of Fraunhofer's results with 
those given by other methods of experiment. 

* Newton's ' Opticks,' 3rd edition, p. 178. 
t Newton's * Opticks,' p. 186. 
X Phil. Trans, for 1802, p. 39. 
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The faint rings seen in the transmitted light, we found arose 
from the interference between the directly transmitted beam and 
that which had been twice reflected internally, but the retarda- 
tion was the same at any point as for the reflected rings ; this 
would lead us to expect the bright rings in the transmitted light 
to correspond in diameter with the bright ones in the reflected 
set of rings, and the dark ones of one set with those of the other 
set. Such, however, is not the case, for the diameters of the 
bright rings in the transmitted light equal those of the dark 
rings in the reflected light, and the diameters of the dark ones 
of the former equal those of the bright ones of the latter. It 
was found by M. Arago that the two sets, if superposed, produced 
a uniform white light ; which, if not accurately, can at any rate 
be shown to be approximately true, in a simple manner, as 
follows : — 

Place two upright pieces of card-board, as A and B, before a 
window, and equally inclined to the light, so as to be equally 
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illuminated. Let abc be the apparatus producing Newton's 

rings, consisting of two triangular Fig. 70. 

piecesofwoodof£thofaninch thick, 

haying circular apertures through 

their centers one inch in diameter. 

A spectacle lens of long focus, 

and a piece of flat glass being, & 

when well cleaned, placed between the two pieces of wood, they 

are to be pressed together by three small screws in the angles, 

as in the figure abc, when Newton's rings of suflicient size for 

the experiment will be visible. If now the eye be placed at E 

so as to see the transmitted rings by light coming from A, and the 

reflected rings by an equal light coming from B, it will be found 

that they obliterate each other, and leave a uniform light. 

From these facts, we conclude that one of the sets of rings is 
subject to anatropy, and we have to examine the circumstances 
in order to determine which must be considered the normal 
interference. Now the reflected rings are formed by rays 
reflected, one internally, and the other externally ; and hence we 
may expect them to be subject to anatropy rather than the 
transmitted rings. Again, if the reflected rings are formed by 
pressing a lens to the base of a prism (or thick plano-convex 
lens), as in the figure 71, and we Fig. 71. 

look very obliquely into the prism 
towards the point of contact, so 
that the light is generally totally y^^A* 

reflected at the base of the prism, ^ 

we see that the rings around the point of contact A, which were 
visible whilst looking more directly above A, have disappeared ; 
but that the black spot at the center, and the grey light round 
it, remain, and have increased in size. The total reflexion com- 
mences only at the first bright ring, and the separation between 
the surfaces, as far as reflexion and interference are concerned, 
commence therefore only at the place of the first bright reflected 
ring. This corresponds with the first dark ring in the trans- 
mitted light, and as the normal interference we have again rays 
which have travelled over equal distances producing darkness. 
As Newton's measures, from which he calculated the distance 
# between the surfaces of his lenses, were made on the fifth and 
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sixth reflected rings, they will be affected by the rings being 
formed with a black center; and we need not be surprised at the 
difference found for the values of the intervals in the table by 
diffraction, and the two mirrors slightly inclined. 

When the reflected rings are viewed obliquely, they are seen 
to increase in diameter with the obliquity, and Newton has given 
a rule for the change, but we see that he employed black cen- 
tered rings. 

It was stated that the transmitted rings, though faint, yet 
exhibited in homogeneous red light greater difference between 
the maxima and minima intensities than we should have ex- 
pected. This is one of the most important experiments on 
theoretical grounds in Physical Optics, for it is the one which 
especially indicates how interfering lights of different intensities 
are to be compounded, and it may be called the fundamental 
experiment for intensities. 

Let AB represent two slips of plate-glass pressed or bound 
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together so as to show broad 
bands of bright colour from 
the interference of the light 
reflected at the surfaces of 
the thin plate of air between 
them. To prevent oblitera- 
tion of the transmitted rings 
arising from the reflected 
ones, let them be examined 
by looking through a tube blackened in the inside, as DE ; and 
an eye-lens, except for short-sighted eyes, in the tube is an 
advantage. Now turning the apparatus towards a strong light, 
the transmitted rings will be seen. If we place a piece of red 
glass, as C, before the rings, the difference of brightness of the 
bright and dark bands will be found very great; if we put a 
piece of green glass at C, the difference will be less considerable 
than with the red glass ; and if we use a piece of blue glass the 
difference will be found to be small. It is clear that the true 
interference rule for calculating the intensities must involve the 
luminiferous interval X, so that a weak interfering light in red 
shall produce a much greater result than if it were of green or 
blue. - . . . . 
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Now thfc undulatory theory being a purely mechanical theory, 
it was easy to find the relative intensities for these transmitted 
bands. According to the formula investigated for the inten- 
sities*, the ratio of the brightness in a dark band to that in a 
bright one for all colours is 1 to 1.1538, or as 1 to lfth nearly, 
taking the reflected light to be ^ th that of the incident light : 
and according to Mr. Airyf, taking into account all the re- 
flexions, and using the undulatory value of the reflexion, the ratio 
is 1 to 1.173. These can be easily examined by photometry. 

It is shown both by theory and experiment that the intensity 
of light falling upon a screen from a luminous origin is inversely 
proportional to the square of the distance; that is, if the lumi- 
nous origin be at twice the distance, it gives only one-fourth the 
illumination; and if at three times the distance, it gives only 
one-ninth the illumination, which it did at first distance; and 
similarly for other distances. 

Now suppose two candles to be burning with equal intensities, 
which can be easily proved by seeing that they cast equally dark 
shadows of a narrow body, such as a common black lead pencil, 
upon a screen when at equal distances. Let one of them be 
placed at A in figure 73, and -pis. 73. 

the other at B, so that its 
distance from the screen CD is 
2.66 times that of A, and its 
light at the screen is then one- 
seventh that of A. Now if the 
light from B be partially inter- 
rupted by a screen EF, with 
long narrow apertures cut in it, 
then the places where both 
lights fall will have an intensity 
lfth that of the parts where the light of A only falls upon it. 
It will be found that this is far below the proportion of the 
bright and dark transmitted bands when seen in blue light, 
which is about 1 to 1.5, but very far from it when seen in green 
and red light. Again, take a rhomb of calc-spar, and cover over 
its first surface, except a narrow strip of such breadth that the 

* Herschel's 'Treatise on Light/ art. 662. 
t Tract « On the Undulatory Theory/ art. 67. 
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two images of it overlap. Turning the crystal towards ordinary 
light, the two refracted beams will be of equal intensity, and where 
they overlap will be of double intensity ; comparing these with 
Newton's transmitted rings, it will be found to represent the 
ratio approximately of the bright and dark bands seen in green 
light, that ratio being 1 to 2.5. On examining these rings in 
red light, it will be found that the difference of the intensities 
is very much greater still. By a modification of the experiment 
figured above, with both the lights shining through the apertures 
in the perforated screen, and their illuminations on CD being in 
contact to form bars, then when their distances were such that 
the intensities had the ratio 1 to 3.5, the interference bands in 
red light were found to be very nearly represented. 

In order to explain these phenomena, it is necessary to take 
the intensity of light as represented by an exponential function 
of a base, or that the intensity equals this base raised to the 
power X multiplied by a constant. In interfering beams the 
bases are to be compounded by the parallelogram (fig. 8) in the 
same manner as velocities, and the angle between the sides is 
half an interval minus the retardation expressed as a circular arc, 
when the luminiferous interval X is represented by the whole 
circumference. 

In the figure 74, let OA and OB represent the bases of the 
interfering lights, and let Fig. 74. 

the angle AOB bear to 
four right angles the ratio 

which ^ minus the retard- 
ation of one behind the 
other bears to X; then 
the diagonal OC repre- 
sents the base of the in- 
terference beam, and its brightness or intensity equals this base 
raised to the power, X multiplied by the constant. With the 
numbers for X in the table the constant is about 150000*. 
When the interference is subject to anatropy, the interference 
base is the diagonal OD of the parallelogram on OB' (which 

* The magnitudes of X would be the indices if the unit of measure were 
the 150000th part of an inch. 
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equals and is opposite to OB) and OA; or it is the diagonal 
joining A and B in the first parallelogram. The values of these 
are easily applied mathematically, and the results are in com- 
plete accordance with experiments, both for the interference of 
polarized and unpolarized light. 

The measures for green and red light were first obtained by 
comparative photometry*, and after many years, Fig. 75. 
on examining the transmitted rings in the blue 
light through a solution of ammoniuret of copper, 
the author saw, about the year 1845, the import- 
ance of the experiments for determining the true 
interference formulae. To re-examine the first 
measures, and also to obtain measures for violet 
light, the following method was used. A set of 
stripes upon drawing-paper, like the figure 75 1, 
were made with a hard earners-hair brush, and 
fine powder of black lead, shading from small 
differences at one end of the paper to great differ- 
ences of light and darkness at the other. Newton's 
transmitted rings were viewed in different parts of 
a tolerably pure solar spectrum, thrown upon 
paper in a dark room, and compared with the 
appearance of the stripes, like figure 75, in the 
same colour. 

With the assistance of two persons accustomed 
to scientific experiments, the author concluded the 
rings in the middle red to be represented by the 
stripes about A, though one of the assistants 
thought a nearer, perhaps from using a more ex- 
treme red. In the yellow light it appeared they 
were represented by the part about c, in the green 
by the part about d, and in the violet light by the 
part about e. 

Finding the ratio of the intensities by photometry in the 
method just described of these various parts of the stripes, the 

* Phil. Mag. for September 1832, p. 177. 

f It must be remembered tbat in printing from a wood engraving tbe dark- 
ness will vary in different copies, and fig. 75 must be considered only as an 
illustration of the method followed. 
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values were found to be for e in the violet light near the indigo 
1 to 1.56; for d in the green 1 to 2.4; for green yellow between 
d and c 1 to 2.56 ; and for red between b and a the ratio was 
found to be 1 to 3.61, in accordance with the other method. 



When a lens is pressed upon a polished surface of metal, the 
reflected rings are seen very bright, but the reflexion from the 
metal being so much stronger than that from glass, the dark 
rings are not absolutely black. When the rings were formed by 
two surfaces of glass, it was seen from the experiment with the 
prism that the black center arose from the surfaces being in 
optical contact, and leaving no break of continuity in the sub- 
stance of the glass. When the rings are formed upon metal the 
center is not absolutely black under any pressure, and when seen 
in the totally reflected light changes its size, becoming smaller at 
greater obliquities. 

When the rings are formed between surfaces of glass, if the 
reflected rings are viewed obliquely with a tourmaline or other 
analyzer, having its plane of polarization at right angles to the 
plane of reflexion ; then, when the angle of reflexion is the polar- 
izing angle for glass, the rings disappear, since the light polar- 
ized in the plane of reflexion, which is reflected by the glass, is 
not transmitted by the analyzer. 

When the lower surface is metallic, the rings in a similar 
experiment disappear at the polarizing angle for glass, and the 
metallic reflexion is only visible. 

When the lower surface is diamond, glass of antimony, or 
other high refracting substance, and the reflected rings are 
examined obliquely with the analyzer, the changes from a dark 
to a bright center, and changes in the diameters of the rings 
between the polarizing angle for glass, and that for the high 
refracting substance, are very interesting, and may> when more 
critically examined than they have been hitherto, lead to im- 
portant considerations of the nature of the reflecting surfaces, 
which bound the thin plate of air. When the lower surface is 
metallic, there are phenomena of like import when similarly 
examined. 

As large surfaces of diamond are not easily met with, it is 
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well to know that glass of antimony, which may be purchased at 
the druggists' shops, can be ground and polished like speculum 
metal*, with fine red oxide of iron for polishing powder. Its 
refractive index is 2.1, whilst that of diamond is about 2.5, and 
from its dark colour the glass of antimony has the advantage of 
giving no visible reflexion at its farther surface. 



When water is applied at the edges of the glasses forming 
Newton's rings, it passes to the place where the separation of the 
surfaces is the least by capillary attraction, and as it comes to 
the place of the rings they are seen to contract in diameter. By 
again measuring the diameters of the rings, Newton found that 
the distance between the surfaces for a given ringf was dimi- 
nished to three-fourths of the original distance; or it was the 
original distance divided by the refractive index for water. 
This experiment Dr. Young saw confirmed Huygens's view, that 
light moves slower in refracting media, as was stated in the 
introductory chapter. The value of the interval X within a dense 
medium is, hence, its value in a vacuum divided by the refractive 
index for the medium. 

* Phil. Mag. for January 1834, p. 6. 
t Newton's * Opticks,' p. 182. 
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ON THE INTERFERENCE NEAR A CAUSTIC. 

In the cases of interference which have been hitherto considered, 
the rays having come from a common origin, one of them has 
been retarded behind the other, and hence the interference ; or 
each single luminiferous surface of the original light has furnished 
two surfaces which interfere, because one has been retarded 
behind the other. In certain cases which we have now to exa- 
mine, the interference must be considered as arising from a 
single surface redoubled upon itself. Huygens, in the work 
before referred to, shows the form which the luminiferous sur- 
faces would take after reflexion and refraction; but the inter- 
ference, when they were redoubled in this manner near a caustic, 
had never been considered until the author discovered it experi- 
mentally whilst examining in 1833 the circle of aberration of a 
small spherical mirror for a reflecting microscope. 

By placing a small globule of mercury in one focus of the 
mirror, and allowing the sun to shine upon it, a minute but 
brilliant luminous point was thus formed as the image of the sun 
given by the globule; then the image of this luminous point 
formed by the spherical mirror being affected with aberration, 
the luminiferous surfaces interfered, and formed brilliant and 
black rings coloured on their edges. On account of the bright- 
ness of the light from such a luminous point, and the perfect 
blackness of the black rings, this is a very splendid though 
simple phenomenon. The author in 1835 found that the rain- 
bow belonged to the same class of interferences near a caustic, 
and indeed its explanation is inaccurate without the consideration 
of interference by the reduplication of the luminiferous surface 
near the caustic, which is formed by the rain-drop. 

A caustic or burning curve formed by refraction, as afb in the 
upper figure, and by reflexion in the lower one of figure 76, can 
be easily seen experimentally. The first will be seen when a 
phial of water is placed on a sheet of white paper in the sun's 
light, and the second when a cup of milk is placed in the sun's 
light, and in many other easy methods. The caustic curves afb 
in the three figures are formed by the meeting and intersections 
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of the rays of light, which have been refracted or reflected 
respectively. Now it is shown that the luminiferous surface at 

Fig. 76. 




each point is perpendicular to the ray, as in fig. 10, and when 
such a surface is within the branches of the caustic af> bf in the 
third figure, it takes the form mnpq with cusps or points of 
regression at n and^?*. Now the branches of the luminiferous 
curves near n and p, being in contact at those points, and sepa- 
rated by small intervals near them, are in a fit state for inter- 
ference. The outer ring of the series seen with the spherical 
mirror and globule of mercury is not brightest at the outer edge as 
the undulatory theory requires, since the interfering rays at n and 
p have travelled over equal distances ; but it shades away from its 
maximum brightness to darkness at the outer edge, in accordance 
with other phenomena, and we have again dark interference 
where the luminiferous surfaces have travelled over equal spaces. 
Let A (figure 77) represent the section of a concave spherical 
mirror, say of one inch focus, and of large aperture compared 
with its focal length. Let d represent a globule of mercury at 
the extremity of a pin which has been wetted with gum water. 
Then the sun's light coming in the direction Sd will form a minute 
image of the sun in the globule, from which the reflected light 
will diverge, and fall on the mirror A. Now it is known from 

* If a thread were stretched along of, and then cut at n, the extremities, 
whilst unwrapping, but kept stretched, would describe the arcs mn and the 
half of np. 
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geometrical optics, that the rays from the mirror A are not 
brought accurately to a focus again at/, when it is of large size 



Fig. 77. 
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in proportion to its focal length, and of spherical figure; but 
they form a caustic having branches fa and/5, and the inter- 
ference near such points as n and/? are seen with an eye-lens E 
to be brilliant and black rings, the inner ones coloured on their 
edges, for the same reasons as Newton's rings are seen coloured, 
and the outer edge of the outer ring shades away to darkness. 
Sometimes it would be desirable to illuminate the globule d by 
the sun's light coming directly through an aperture in the middle 
of the mirror A, in which way the author exhibited the expe- 
riment at the Meeting of the British Association at Cambridge 
in 1833. 

The rainbows are formed by the interference of rays which 
have been refracted and reflected within the drops of rain. The 

Fig. 78. 




primary rainbow, which is the brightest and most frequently 
seen, is formed by parallel rays coming from each point of the 
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sun's disc, which are refracted on entering the rain-drop, then 
falling on the farther surface are partially reflected, and then 
meeting the front surface of the drop after emergence from it, 
come to the eye. 

Now the ray SA coming from the sun, which falls perpen- 
dicularly on the drop, falls also perpendicularly on the further 
surface at h, and is reflected directly back again in AAS. A ray 
Sa, which is incident at a, will be refracted in ab, and the 
reflected part will pass in be, and be finally emergent in cd, which 
is inclined to AS. As the points of incidence are further from 
A, we come to a point B, where the ray is refracted in Bg, then 
reflected in ge, and emergent in ep ; and ep makes a larger angle 
with AS than any other ray, because beyond B and up to C, 
where the ray only touches the drop, the rays after refraction, 
reflexion, and emergence, make smaller angles with AS than ep 
does. From this it is seen that the rays falling on the rain-drop 
on either side of B, having after emergence all less deviation 
from the direction AS than ep has, there is a double light within 
the angle formed by AS and ep, which will interfere. When we 
trace the caustic*, we find that the rays incident between B and 
C intersect along a branch kq, and those which are incident 
between A and B, if produced backwards, would intersect in a 
branch hi-, the line ep produced in both directions is the asym- 
ptote to these branches, or the line to which they approach with- 
out limit but never touch. The luminiferous surface now has 
the branches rq and qr 1 , as formed by the unwrapping of threads 
from the branches of the caustic, and these are in a state to 
interfere. 

The explanation of the rainbow by Antonius de Dominis, 
which was adopted by DesCartes, and afterwards completed by 
Newtonf when he had discovered the unequal refrangibility of 
the different colours of the solar spectrum, was as follows : — the 
whole rays incident between A and C are emergent within the 
angle between AS and ep, but near the direction ep, where the 
angle between AS and the emergent ray has come to a maxi- 
mum, they are much more condensed together, and afford a 
much brighter light than in other directions; besides, this 

* Camb. Phil. Trans, vol. vi. p. 141. 
t Newton's 'Opticks,* p. 147. 
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brighter light will be more striking from being contrasted with 
darkness outside the caustic. The separation of the colours in 
the rainbow was shown by Newton to arise from the different 
values of the refractive index giving different values for the 
maximum angle between ep and AS. 

Dr. Young accepted this solution*, but applied in addition the 
doctrine of interferences to explain the supernumerary rainbows 
frequently seen within the primary, and sometimes exterior to 
the secondary rainbow. 

If E in figure 79 were the position of the eye, then parallel 

Fig. 79. 




rays coming from the sun, and falling on the rain-drops to form 
the primary or inner rainbow, would give the maximum angle of 
the former figure greater for red than for violet, so that the red 
would reach the eye from a drop r higher than the drop v, from 
which the violet would come to the eye. 

Now the radius of the rainbow is measured in degrees from 
the line SE* of the shadow of the eye of the observer, and 
equals the angle between the incident and emergent rays for any 

* Phil. Trans, for 1803. 
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particular colour, or it is the angle rEs for the red of the primary 
bow, and the angle vEs for the violet. 

The secondary rainbow, which is seen outside the primary, as 
in figure 79, and much fainter, is formed by rays which have 
been twice reflected inside the drop. The red is on the inside, 
and the violet on the outside, or the angle r'E* for the red is less 
than if&s for the violet, as in the figure. 

Both the bows are symmetrical around the line SE* of the 
shadow of the eye, since the rain-drop, which gives the inter- 
ference colours, is only required to be at a certain angle with 
this line ; and each drop in the shower furnishes its own rays to 
the eye, depending on its position. 

The drops within the primary furnish each a double light to 
the eye, which interferes, and often exhibits the supernumerary 
rainbows pq at the vertex of the bows ; so also those without the 
secondary give a double light, which sometimes exhibit super- 
numerary bows. The space between the bows is dark, but still 
it furnishes some light to the eye by reflexion at the outer sur- 
faces of the drops. This externally reflected light becomes 
stronger as the obliquity is greater, and prevents the tertiary 
bow, or that formed by three reflexions within the drop, from 
being generally seen naturally; although that and many higher 
orders, that is, those which have been formed by light reflected 
four, five, &c. times within the drop, can be seen artificially, as 
well as the primary and secondary bows. 

Calculating the maximum angle of deviation of ep (fig. 78) 

from AS, with the refractive index g, it is found to be 42° 2' if 

the sun were a point ; and since the sun's diameter is 32', we 
must add l& to the 42° 2', and have 42° 18'. This was taken to 
apply to the red by Sir I. Newton, and yet the extreme red light 
he found extended to only 42° 41*. The accurate measures of 

Fraunhofer show that the refractive index ^ belongs to the orange 

light for water, and yet the extreme red was not seen within 14' 
of this placet. The distance between the primary and secondary 
bows was measured by Newton to be 8° 3(/, but even calculating 

for orange light, and refractive index ^, the distance should be 

* Newton's 'Opticks,' p. 153. t Phil. Mag. for July 1838, p. 11. 
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only 8° 25' ; and when we calculate for red light and Fraun- 
hofer's letter B, we find the distance should be only 7° 25', or 
the two bows in observation are found 1° 5' more distant than 
they ought to be according to theory. 

It is clear from these considerations that the old theory of the 
rainbows was defective, and gave their positions considerably 
different from the reality. 

Mr. Airy, applying the principle* of Huygens, modified by 
Presnel, to the interference near a caustic, found the brightest 
part should be within the caustic, but the brightness should be 
nearly half the brightest at the caustic, and the light extending 
outside should gradually shade away to darkness. The natural 
phenomena clearly did not correspond with this solution; but it 
received a spurious verification from Professor W. H. Millerf, 
who made measures of the analogous phenomena seen in a small 
stream of running water, according to the method of M. Babinet. 
It appears J, that, from the refractive index being slightly dimi- 
nished in such a stream about to break into drops, or from some 
other cause such as a vibratory form of the stream, the light can 
be traced considerably outside the place of the caustic as calculated 
for still water ; but when we use a drop of water at rest, the 
phenomena are in accordance with the natural rainbow, and the 
undulatory theory, on no view which has been adopted, will solve 
them. 

The iris or artificial rainbow, seen in a drop of water at rest, 
is an interesting phenomenon, and when a line of light can be 
used, it is easy to try the experiment. 

A tube of glass being drawn out to a fine extremity by the 
blowpipe, may have a drop of water hanging from its lower end, 
as at a (fig. 80), when it is held vertical, in the following 
manner : — 

The outside of the tapering part near the lower end is to be 
slightly rubbed with oil, which will prevent the water running up 
it by capillary attraction ; then water being passed into the inside 
of the tube, at the upper end, some will generally run and drop 
out, but a portion will remain in the inside from capillary at- 
traction. Let then a small piece of wood, a little less than the 
* Camb. Phil. Trans, vol. vi. p. 379. 
t Ibid., vol. vii. p. 277- I Phil. Mag. for May 1855. 
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inside of the tube, be prepared for a piston, as shown at the upper 

end of the tube in the figure : this having a little cloth wrapped 

round it, and being wetted with F gg 

water, will act as an air-tight 

piston, and when pushed into 

the upper end of the tube will 

cause a drop of water to pass 

out, and hang from the lower 

end, as a in the figure. 

In such a drop the iris is 
seen very beautifully, when the 
sun's light reflected through a 
narrow aperture to form a line 
of light, as in the figure, falls 
upon the drop at the distance 
of a few feet. When the eye is 
placed near the drop the pri- 
mary iris will be seen; when the 
rays entering the eye, as ae, make an angle of about 42° with 
the ray that fells perpendicularly upon the drop: there will 
evidently be an iris seen similarly on the other side of the per- 
pendicular ray, as in the direction ad. Now if we can measure 
the angle ecu!, we have only to take the half of it for the angle of 
ae or atf from the perpendicular ray ; and this is, in the natural 
rainbow, the radius of the primary bow. In the experiments, 
the extreme red could be traced only to about 42° 23*, at which 
distance darkness occurred; and yet for the red of Fraunhofer's 
letter B, the asymptote of the caustic is at 42° 22'. 

The angle ead may be measured very simply by setting up 
two needles in an arc drawn, with its center below a, on a table, 
in the directions continued beyond the drop in which the rays 
enter the eye, and then measuring the angle, which equals eael, 
between them. The means used by Professor Miller with the 
stream of water, and by the author with the stream and drop, to 
measure the angle ead, was to have a well-divided brass circle (a 
protractor) placed horizontally on a table, with its center under 
the stream or drop a ; and the observations of the rays ae, ae' 
were made with a small simple telescope supported on the move- 
able arm of the circle. This telescope, with single object and 
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eye-glasses, does not need to be thicker than an ordinary draw- 
ing pencil, and four or five inches in length ; and it may mag- 
nify distant objects from three to ten times, according to the 
measures required to be taken. If the extreme angles of the 
different colours are only required, then a magnifying power of 
three times is sufficient ; but if accuracy in measuring the sue- 
cessive distances of the interference maxima of brightness is 
required, a higher magnifying power will be necessary. The 
telescope must be adjusted to show distant objects distinctly, and 
must have cross hairs put in the common focus of its object and 
eye-glasses, which being seen together with the interference 
phenomena, enable us to bring them to the same point of the 
field of view in taking the measures. 

On account of the mixture of colours the interference arcs are 
not numerous when seen in ordinary sunlight ; but when we place 
a piece of red glass before the eye, the number of alternations of 
bright and dark arcs visible, is very great ; in one experiment 
the author counted upwards of forty bright arcs with intervening 
black ones. 

If a small cylinder of glass be ground and polished, the inter- 
ference near the caustic may be seen with light direct from the 
sun, when there have been many internal reflexions. Some of 
the cases may be seen by the light of a candle, and with cylin- 
ders prepared by melting a piece of glass in the fire, or with a 
blowpipe, and drawing it out into a small rod of the thickness of 
a thick pin, whilst soft. 

The small cylinder must be held near the eye, and a little 
oblique, so that the light reflected at the outside may not obscure 
the interference iris. 

With the cylinder of glass AB in figure 81, taking the re- 
Fig. 81. 
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fractive index ^, we find the caustic, or rather its asymptote, for 
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the primary iris, would make, with the direction of the incident 
light Lea, the angle lea, which equals LcE, equal to 22° 54/ ; 
the red having the greater, and the violet the less angle. 

The asymptote of the caustic for the secondary iris makes, as 
seen by the eye, the angle 86° 50t with the direction ca ; the 
violet light entering the eye now making a greater angle with ca 
than the red light. These are easily seen by candle-light. 

The asymptote of the caustic for the tertiary iris makes the 
angle 9° 6' with the direction AL, the violet making the larger 
angle. As we have now to look nearly towards the light L, the 
light reflected at the surface of the cylinder prevents the iris 
being readily seen ; with sunlight ajid care it may be however 
seen very brilliant. 

The asymptote of the caustic for the fourth iris, or when 
there have been four internal reflexions, makes the angle 71° 4' 
with ca, the violet making the less angle. It is much easier to 
find than the last. 

The asymptote of the caustic for the fifth iris makes the angle 
27° 24/ with ca, the violet making the larger angle. It is a faint 
iris a little outside the primary one. 

The asymptote of the caustic for the sixth iris makes the 
angle 54° 4C with the direction AL, the violet making the less 
angle. It is not so easy to find as the last. 

The asymptote of the caustic for the seventh iris makes the 
angle 43° Of with AL, the violet making the larger angle. It is 
difficult to find. 

The asymptote of the caustic for the eighth iris makes the 
angle 39° 52' with the direction of ca, the violet making the less 
angle. It is easier to find than the two last. 

The asymptote of the caustic for the ninth iris makes the 
angle 57° 26' with ca, the violet making the larger angle. 

The asymptote of the caustic for the tenth iris makes the 
angle 25° 50* with AL, the violet making the smaller angle. 

We must remember that in all these cases we shall have dark- 
ness at the calculated place of the caustic, and the bright inter- 
ference will be near it, but towards the place of the caustic for 
the more refrangible rays. 
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ON THE INTERFERENCE OF POLARIZED LIGHT. 

The discovery of the interference of polarized light was made 
by M. Arago*. Dr. Young had recognized the circumstance, 
that when light had traversed a plate of a double refracting 
crystal, as for instance a natural plate of mica or selenite, one of 
the rays was retarded behind the other, and yet no interference 
was exhibited in ordinary light. When M. Arago placed such 
plates in polarized light, and examined the light transmitted by 
them with an analyzing apparatus, the interference became 
visible, and was exceedingly beautiful and interesting. 

The reasons for the interference being visible only in these 
circumstances were discovered t by MM. Arago and Presnel (see 
the discussion of fig. 57), who found that light polarized in one 
plane did not interfere to produce changes of brightness, with 
light polarized in the plane at right angles to it. The following 
is the enunciation of the laws by M. Arago J : — 1. " Two pencils 
converted from natural light into light polarised in the same 
direction, retain, after this modification, the property of inter- 
fering with each other. 2. Two pencils, which are made to pass 
directly from the state of natural light to that of light polarised 
in two perpendicular directions, are no longer capable of inter- 
ference, either while they remain in this state, or after they have 
been restored to a similar polarisation. 8. Two pencils polarised 
in contrary directions, do not interfere, whatever may have been 
the modifications that they have undergone before they arrive at 
this state from that of natural light; but when restored to a 
similar state of polarisation, they become capable of interfering, 
provided that in their passage from the natural state to that of 
polarised light the first planes of polarisation of the two pencils 
were parallel." 

The latter part of this third law shows the arrangement of the 
apparatus to be employed in every case, in order to witness the 
interference of light which has traversed small double refracting 

* Memoires de l'Institut for 1811. 

t Annales de Chimie et de Physique for 1819, tome x. p. 304. 
% Article ' Polarisation/ addendum to vol. vi. Supplement to the ' Encyclo- 
paedia Britannica/ by M. Arago. 
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crystals as seen in the microscope, or double refracting plates of 
mica, selenite, quartz, &c. That is, the light must be polarized 
before traversing the double refracting plate or crystal, and must 
be analyzed after emergence from it. 

The retardation depending upon the difference of the velocities 
with which the two rays traverse the plate or crystal, and on the 
thickness so traversed, it is clear the interference depends on 
these also. Now the difference of the velocities near the optic 
axes of crystals changes quickly with the change of inclination of 
the rays to the optic axes ; therefore, to see the whole pheno- 
mena, we require to bring the crystallized plate very near the 
eye, in order to receive rays at various inclinations, and for which 
the tourmaline has great advantage as an analyzer. In other 
cases, the retardation, as produced by the thickness of the plate, 
being most important, the effects are seen at any and various 
distances from the eye, and then Nicol's rhomb, being free from 
colour, would be much preferred as an analyzer. Both cases 
may be well seen, however, by an analyzer consisting of a small 
piece of common glass placed near the eye at the polarizing 
angle. 

Let B AC be a pile of several plates of glass set in a convenient 
frame; DF a thin plate of 
mica, selenite, or other *" 

double refracting crystal; 
G a small piece of glass 
blackened at the back by a 
coating of black sealing- 
wax. Then the polarizing 
pile of plates B AC, and the 
analyzer G being set at the 
pola rizing angle, an inci- 
dent beam of light, of which S A is one of the rays, will be polar- 
ized after reflexion by the pile CB, and on transmission by the 
double refracting plate DF, each ray will be generally separated 
into two, which will pass through it with different velocities, and 
after emergence one will be retarded behind the other, as at a, i, 
and after being analyzed by the plate G, the light entering the 
eye at E will exhibit the interference. The interference in such 
an experiment is generally seen as a splendidly coloured light, 
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which is the more astonishing and pleasing as being produced by 
colourless substances. To those ignorant of optical phenomena 
the results are especially surprizing. The colour arises in this 
manner: — certain coloured rays having such retardation as to 
destroy each other, and other coloured rays such as to strengthen 
each other's effect, the latter shine out brilliantly, whilst the 
former produce darkness, intermediate rays producing inter- 
mediate effects, and a coloured beam hence arises from an 
original white one. 

The plate DF remaining fixed, the colours change by turning 
the analyzer G round the direction AG; and they become com- 
plementary every 90° of the rotation, that is, the two tints 
exhibited at angles 90° distance will, if taken together, produce 
white light. 

It is for this reason that the light which has traversed the 
plate DP does not show the interference until analyzed, since 
ordinary light is equivalent to two equal beams polarized in 
planes at right angles to each other. With mica, selenite, and 
biaxal crystals generally, the colours change also by turning the 
plate DF round the line AG. 

Selenite not only cleaves easily with a penknife to various 
thicknesses, but can be scraped into wedges with a knife, and 
have letters and various devices cut or engraved upon it, and 
then have the polish sufficiently restored by rubbing with a soft 
cloth wetted with water : the plate can then be cemented with 
Canada balsam between two pieces of window-glass, and con- 
veniently preserved. 

Selenite wedges, with their edges made as fine as possible, and 
being half an inch broad, their backs not thicker than thick 
paper, prepared in this manner, show the effect of the different 
thickness in different parts upon the interference in a very satis- 
factory manner ; a series of coloured bars parallel to the edge of 
the wedge being exhibited, and the colours recurring as the 
retardations increase by X, 2X, 3\, &c., as in Newton's rings. 
When two such wedges are crossed at right angles, the bars 
become diagonal where they cross each other, and form interest- 
ing effects as the analyzer is turned round. 

Nearly every tint of colour may be obtained in the films split 
thin with a penknife, from a crystal of selenite. Selenite 
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designs, which show beautiful figures of butterflies, flowers, &c. 
in the polarizing apparatus, are made by choosing films of selenite 
of the requisite thickness, cutting them into the shapes required, 
and cementing them between plates of glass with Canada balsam 
in the proper positions. These selenite designs, to the naked eye 
appearing like pieces of glass with scratches upon them, become 
beautiful designs magnificently coloured when placed between 
the polarizing and analyzing plates. 

Pieces of unannealed glass are sometimes prepared of various 
shapes in the flint-glass houses, which, when placed at DF, exhi- 
bit very beautiful coloured curves and spaces. When the pieces 
of glass are of regular forms, the interference colours are of sym- 
metrical forms also. A piece of a cylindrical rod of unannealed 
glass, with the ends cut perpendicular to the length, ground and 
polished, shows a series of coloured rings round the axis, with a 
black cross through the center, when the plane of analyzation is 
perpendicular to the plane of the original polarization, and a 
bright cross when those planes are parallel; these are like the 
rings and crosses of uniaxal crystals, as described farther on. 
The law of the retardation, as given by Brewster*, is, however, 
different in these cases from that for the crystals. 

Analogous phenomena are seen in many other circumstances, 
such as gelatinous bodies (like the eyes of fishes) which have 
dried unequally; when transparent bodies are subject to pressure 
or flexure ; when those crystalline bodies which generally have no 
double refraction, have crystallized irregularly; when glass and 
erystals are subject to unequal temporary heating or chilling ; 
and when glass is under the action of powerful electro-magnets. 
In these cases the particles of the bodies are in states of restraint, 
which give rise to small degrees of double refraction. 

Physical optics here give a proof of what would be difficult to 
show otherwise ; namely, that in a mass of matter the particles 
have a dependence on each other, which propagates through the 
mass a disturbance arising from one which is applied to only 
particular parts. This is well seen by taking two equal portions 
of the same cylindrical rod of glass, ground and polished at their 
ends ; and after comparing the rings they exhibit in the polari- 

* Phil. Trans. 1816; Phil. Trans. Ed. 1818; 'Optics,' edition of 1853, 
p. 324. 
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scope to see that they are the same, then rubbing away on a 
rough stone a portion of the side of one of them, it will be seen 
that the interference rings throughout the whole mass have 
become changed, and consequently the removal of a part of the 
body has affected the particles through the remaining mass. 

An interesting experiment on these phenomena may be tried 
with very simple means, and in a very short time. Pieces of 
window-glass being prepared for the polarizer and analyzer, as in 
fig. 82, take a thick piece of crown, plate, or flint glass, with 
polished parallel faces, heat it to redness in the fire, and then 
chill its edges by placing them on a piece of cold metal. On 
examining it in the polarized light when cool, it will generally be 
found to exhibit interesting coloured curves and spaces, from the 
slight double refraction produced by the unequal cooling of the 
different parts. 

This experiment shows the importance of the proper annealing 
of articles made of glass, which, as is well known, are more liable 
to break when the annealing is imperfect, from the state of 
unequal restraint in which the particles have been left. 

The irregular and macled portions of crystals sometimes ex- 
hibit very beautiful phenomena when examined in this polarizing 
apparatus. Macled amethyst*, and crystals of sulphate of potash, 
are amongst these. 



In many of the above substances the double refractive energy 
was so small, that considerable thickness might be employed 
without the retardation of one ray behind the other being too 
great to render the interference bands visible. In crystals of 
strong double refractive power it is only near the optic axes that 
the retardation is small enough to render the interference visible 
in the ordinary polariscope for plates of moderate thickness. 
The double refraction being symmetrical with regard to the 
optic axes, the interference is shown in rings and other curves, 
which have forms symmetrical to them also, and afford very 
splendid appearances. Though these may be well seen with 
such an analyzer as in figure 82, yet as the tourmaline has a 
great advantage, we will now suppose it to be the analyzer. 
* Brewster's ' Optics/ p. 291, edition of 1863. 
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Referring to the chapter on double refraction, the rhomb of 
calc-spar, as in the figure, having equal edges, the line AA' 
joining the obtuse summits is the optic axis of the rhomb ; but 
all lines parallel to it in the crystal are the 
optic axes of their respective parts. Now a 
plane perpendicular to AA' will be perpen- 
dicular to such a system of parallel lines. 
If a plate of -j^th to ^\jth of an inch thick, 
-with its two parallel faces perpendicular to 
AA 1 , be formed of a piece of calc-spar by 
grinding off the summits at A and A', and 
then repolishing the faces with putty powder, fine red oxide of 
iron, or jeweller's rouge and water, upon a surface of pitch 
mixed with a little ordinary wheat flour, we have it similar to 
the figure DP (fig. 83). 

Let BAC be the polarizing plates of glass, DF the plate of 
crystal, G the analyzing tourmaline, E the place of the eye. 
Then DF, G and E being near together, and also near the polar- 
izing plates, the eye will receive rays which have passed through 
DF at very different inclinations, and the systems of rings and 
brushes will be seen in great perfection. Other methods may 
be used with advantage, and the inclination of the rays increased 
by employing lenses for that purpose, but the above is a simple 
and convenient method.. For the support and mounting of the 
plate of crystal DF and the tourmaline G, a ring of wood, AB 
(fig. 84), about 1 inch in diameter and fths of an inch broad, 

Kg. 83. Fig. 84. 





with a disc DC fitting so as to turn round in it, may be used. 
The ring AB shows the crystal cemented to the end of a piece of 
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wood passing through a hole in the ring, and fixed with wedges 
in the proper position. The disc CD shows the aperture in its 
center where the tourmaline plate is cemented. The same 
mounting is convenient for the support of all plates requiring to 
be brought near the eye. 

Now in the chapter on double refraction, it was shown that in 
a uniaxal crystal, the ordinary and extraordinary rays travel 
along the optic axis with the same velocity, and have therefore 
no retardation the one behind the other, but those which are 
inclined to it travel with different velocities, represented within 
the crystal by the radii of a sphere and a spheroid. 

Suppose the figure 85 to represent a plate of calc-spar cut 



Fig. 85. 




perpendicularly to the optic axis 
BC. If C were a luminous point 
on the lower surface, two corre- 
sponding luminiferous surfaces 
would expand in the forms of a 
sphere and a spheroid, of which, 
on arriving at B, the sections 
would be a circle, as aBa! for the 
ordinary, and an ellipse ABA' 
for the extraordinary light. Now the two rays would have no 
retardation along BC, but in any other direction, as CD, the 
ordinary ray would be retarded behind the extraordinary one. 
It is shown that near the optic axis the retardation varies as 
BD squared, nearly, and as will be found by referring to the 
discussion of figure 69 ; this is similar to what occurs in Newton*s 
rings, and like them, the interference rings formed round BC 
are narrower as they are further from the center, and coloured 
in a similar manner to what they are. It has been supposed 
that C was a luminous point, but if two rays were refracted 
along DC, from rays incident at D or C, the same retardation 
would arise. 

There is one respect in which the analogy with Newton's 
rings does not exist, and which arises from the laws of polariza- 
tion. First, let the planes of polarization and analyzation coin- 
cide with the plane of incidence, and be taken for the plane of 
the paper in figure 83 ; then the rays which pass through the 
plate DF in this plane will furnish ordinary refracted rays only, 
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Fig. 86 a. 



and there will be no interference, but after analyzation a bright 
bar of light; again, perpendicular to the plane of incidence, the 
rays passing through the plate DF will go to the extraordinary 
rays entirely, and there will be another bright bar perpendicular 
to the former. We have thus a bright cross with segments of a 
series of coloured rings, commencing from a bright center, as in 
figure 86 a. Secondly, let the planes of 
analyzation and polarization be at right 
angles to each other. Then in the plane 
of incidence the light undergoes, as 
before, ordinary refraction only on tra- 
versing the plate GF, and on analyza- 
tion in the plane at right angles pro- 
duces a dark bar. Also, in the plane at 
right angles to the plane of incidence 
there is only the extraordinary ray with 
no interference, and on analyzation it produces another dark 
bar; so that the rings commence from a black center, and 
have a black cross passing through them, as in fig. 86 b. 

When the planes of polarization and analyzation are neither 
parallel nor perpendicular, there is an eight-rayed neutral tint 
star, with the segments of rings commencing from bright and 
dark centeifc in the alternate sectors. 




Fig. 86 b. 



Fig. 87. 





The above are the phenomena presented by uniaxal crystals 
generally, such as plates of ice as they are taken from the surface 
of water, uniaxal mica, &c. 
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When the light is either circularly polarized before passing 
through the plate DF, or circularly analyzed after traversing it, 
there is seen a neutral tint cross in all relative positions of the 
polarizer and analyzer; the bright segments of rings in one 
quadrant correspond in radii to the dark ones of the adjoining 
segment, as represented in figure 87. 

When the light, before entering the uniaxal plate, is circularly 
polarized, and when emergent from it is circularly analyzed, the 
crosses disappear, and the rings are seen complete. 



Quartz crystal, often found, as in figure 88, a six-sided prism 
with pyramidal terminations, though ranked with p^ gg # 
uniaxal crystals, has peculiar double refraction. The 
crosses, dark or bright, are not distinctly shown near /J\. 
the center, and the central space of the rings is f\v_V 
coloured with tints depending on the thickness of the 
plate, and the angle between the planes of polariza- 
tion and analyzation. y, ., 

The varying tints along the axis show that the two \/ 

rays travel along the optic axis of the crystal, which 
is the axis of the six-sided prism in the figure, with different 
velocities. With a piece of crystal one to two inches long, and 
a minute hole in tinfoil on the first surface, the two rays can be 
examined with a magnifying eye-lens attached to the analyzer as 
they approach the optic axis; and it will be found from the 
analyzation that they cease to be plane polarized, as they do not 
disappear at any position, when rotation is given to the analyzer ; 
and this becomes more evident as the rays approach more nearly 
to the optic axis. 

When thin plates were used, M. Biot* discovered what 
appeared to be a rotation of the plane of polarization of the beam 
of light produced by its traversing the plate cut perpendicularly 
to the axis, and which he has denominated rotatory polarization. 

When a number of plates of equal thickness have been ob- 
tained, say ^ y th of an inch thick, by placing them at DF (fig. 83), 
first one, then two together, then three together, &c., it is said 
we find a rotation of the plane of polarization through an angle 
* Annates de Chimie et de Physique for 1818, tome ix. p. 372. 
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proportional to the thickness of the quartz plate which the light 
has traversed, but different for the different colours of the spec- 
trum. Before any plate is interposed, let the planes of analyza- 
tion and polarization be at right angles, and the field of view will 
then be dark ; let now one of the plates be interposed, and the 
field will be no longer dark, but it will be rendered dark again in 
homogeneous light, by turning the analyzer through a certain 
angle. Place a piece of red glass before the eye, and the field is 
rendered dark by turning the analyzer through about 20°. Place 
a piece of green glass before the eye, and it is rendered dark 
again by turning the analyzer through about 28°. With a piece 
of blue glass, it must be turned about 33° to render the field 
dark again. If two of the quartz plates be interposed together, 
the analyzer must be turned through the double of the above 
angles to reproduce the dark field ; and if three be interposed, 
it must be turned through three times these angles, and so 
onwards for any number of plates, or for a single plate of their 
united thicknesses. 

It is supposed in the theory of rotatory polarization, that when 
the field of view is dark, the light is polarized in a plane at right 
angles to the plane of analyzation ; when, however, we take into 
consideration the laws of interference, we know that a dark field 
may be the result of interference where the rays have a retarda- 
tion, one behind the other, arising from their having traversed 
the quartz plate with different velocities. M. Fresnel showed 
that the above phenomena were explicable on the supposition 
that the two rays passing along the axis of quartz are circularly 
polarized, one right-handed, the other 
left-handed (see fig. 39) ; and that they lg * 

traverse the axis of the crystal with 
different velocities. Mr. Airy* ex- 
tended this theory by considering the 
light passing in any direction through 
a crystal of quartz as elliptically polar- 
ized, becoming plane polarized perpen- 
dicular to the axis, and circularly polar- 
ized along it. 

The figure 89 was drawn from a piece of crystal placed in the 
polariscope, of such thickness that in homogeneous red light 
* Camb. Phil. Trans, for 1831, vol. hr. p. 81. 

H 
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the center was dark when the planes of polarization and analy- 
zation were at right angles to each other. The black cross 
became visible, but only faint at the second ring. On turning 
the analyzer round one way, whilst the polarizer was stationary, 
the central dark space and the rings around it increased in mag- 
nitude until a bright space began to appear in its center, and the 
rotation being continued, this increased until it arrived at its 
brightest, and then a darker space appeared in its center, which 
increased in diameter, and its middle part became darker until a 
black center was formed as at first, when the planes of analyza- 
tion and polarization were again at right angles; and so onwards 
through the same changes as before. If the analyzer were 
turned the other way round, the central spot and rings dimi- 
nished in size, and followed analogous but reversed changes to 
the former ones. 

The formation of the black cross within a small distance from 
the axis, as in fig. 89, shows that the deviation from ordinary 
uniaxal crystals becomes only very evident within that distance. 
By means of an instrument called a compensator, M. Jamin* 
has measured the degree of ellipticity of the rays at different 
angles from the axis, and confirmed approximately Mr. Airy^s 
theory, that the two rays must be considered as generally ellip- 
tically polarized. Mr. Airy has given his solution of the general 
interference phenomena in the Cambridge Phil. Trans, vol. iv. 
on this theory. He found that if the light were either circularly 
polarized before entering the quartz plate, or were circularly 
analyzed after emerging from it, the interference curves would 
become spirals. The figure 90 was drawn — ^ 

from the piece of crystal above mentioned, 
when the curves appeared the most symme- 
trical in red light. 

The brilliant colours exhibited by quartz 
may be very well studied with plates |th to 
-i^th of an inch thick; but to see the spirals 
well, a piece |ths of an inch thick is better. 
A piece of a fine crystal of l|th of an inch 
thick, possessed by the author, shows only pale pink and green 
rings, but it shows the black cross of uniaxal crystals, commencing 
at the second ring, much better than the thinner pieces. 

* Annates de Chimie et de Physique for 1850, tome xxx. p. 55. 




CIRCULAR POLARIZATION OF LIQUIDS. 99 

Thin plates of quartz may be obtained from the workers in 
Brazil pebbles (which are quartz) for spectacle glasses, by getting 
them to cut the crystals which are too small for such glasses 
perpendicular to the axis of the crystal. A quartz crystal acci- 
dentally met with may be soon prepared for experiment as 
follows : — Grind off the summits of the crystal, and bring the 
surfaces to be as smooth as possible, and then they are polished 
quickly by rubbing them with water on a piece of the whetstone 
called Water-of-Ayr stone. 

Quartz crystals are found in two varieties, called right-handed 
and left-handed crystals; in the first kind the apparent rotation 
of the plane of polarization takes place to the right hand, and in 
the latter to the left hand. These two varieties show the spirals 
of fig. 90, turning in opposite directions when similarly treated. 

Sir John Herschel discovered* that the particular variety to 
which a crystal belongs is shown by the way the small facets, 
frequently met with, as at the junction of the upper pyramid 
and prism in fig. 88, are inclined. 

These varieties are explained on the theory of M. Presnel by the 
right-handed circularly polarized light traversing the axes of some 
crystals quicker than the left-handed, and in others the reverse. 



There are many liquids which have properties similar to those 
of quartz near the axis, such as essential oils, and solutions, as 
those of cane and grape sugar, of tartaric acid, of dextrine 
(British gum — prepared by baking starch, or treating it with 
sulphuric acid), which has received this name from its giving 
apparent rotation of the plane of polarization to the right hand, 
and to a large amount ; besides many other solutions and many 
vegetable juices. 

The observations with these liquids may be well made in the 
way above described for plates of quartz with homogeneous red 
light, and a divided circle to measure the rotation of the ana- 
lyzer, the liquid being contained in a tube with plates of glass 
closing the ends, like B (fig. 91). 

The laws are the same as for quartz, but with the amount of 
rotationf varying for the different liquids. 

* 'Treatise on Light/ art. 1042. 

t See M. Biot's paper, Annates de Chimie et de Physique, 3rd series, 
tome x. p. 20; also the same work for 1860, tome xxix. p. 215. 

h2 
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In solutions, such as those of sugar, the amount of apparent 
rotation depending on the space of the solution traversed by the 
light, and on the strength of it ; it has been proposed to ascertain 
the value of syrups, and other liquids by this property. 

M. Soleil, the celebrated instrument maker of Paris, has 

Fig. 91. 




adopted the following method, as capable of furnishing the value 
of these solutions to increased accuracy. Let A represent the 
polarizer, D a disc, having in its center an opening, in which is 
placed a circular plate of quartz, of which one half as a is right- 
handed, and the other as ^left-handed; B the tube, with glass plates 
at the ends, containing the syrup or solution; C an analyzer, 
such as a double image rhomb, or NicoPs rhomb. Now before 
the tube B is interposed, the analyzer may be turned round 
until the two parts of the quartz plate in D show each the same 
rich purple tint (or couleur sensible) ; and then when the tube B 
is interposed, the rotation to be given to the analyzer to repro- 
duce this tint in both parts can be found with considerable 
accuracy. 
Another method is, by means of the refined and important 



Fig. 91 a. 



instrument, the compensator of M. Babi- 
net, of which the principle is as follows. 
Let ab be a plate of one of the varieties 
of quartz in fig. 91 a, cut perpendicular to 
the axis of the crystals cd and ef, two 
wedges cut in like manner firom a crystal 
of the other variety. The two wedges, on 
being moved in opposite directions, fur- 
nish a plate of variable thickness, which can be brought to com- 
pensate the effect of the plate ab. That is, in one of these plates 
the retardation of one of the circularly polarized rays is as much 
as its acceleration in the other, and the combination acts as if it 
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were only a piece of well-annealed glass, producing no change in 
a polarized beam passing through it, as ascertained by placing it 
between A and C (fig. 91), when B and D are removed. Then 
the compensator in its mounting, with rack-work and divided 
scales, being placed near C, when the tube B with its contained 
solution is interposed also, it will be found that the compensation 
no longer exists, but it may be restored by giving a fresh position 
to the wedges cd and ef. The change in the positions of the 
wedges determines the effect produced by the solution in B, and 
hence determines its value. 

The principle of the compensator is one of great value in other 
arrangements, and has furnished, in the hands of M. Jamin, 
very important results. 



The large polariscope of M. Duboscq Soleil is constructed with 
an especial view to these and other important experiments. The 
figure 91 b of this instrument is drawn from one belonging to 
the author, a valuable present from an esteemed scientific friend. 
At a is a small opera-glass, which being adjusted to show 
distinctly an aperture in the circular plate hk, is of great advan- 
tage in most experiments; it screws to the tube carrying the 
analyzer, a double image rhomb. This rhomb can be moved 
round, and clamped in any position within a tube, connected 
with the arm of the vernier, and turning round in a circular 
aperture in the center of the divided circle be. This can also be 
clamped to the circle in any position. 

The polarizer is either a plate of glass as at d, or a double 
image rhomb, one of whose images, on account of the length 
from htob, falls out of the way. The polarizer is capable of 
rotation, and clamps in any required position. 

The light of the polarizer is thrown through any required 
aperture adapted to the circular disc hk, which has a circular 
hole in its middle; as for instance the disc D (fig. 91), a narrow 
slit to make a line of polarized light, as in fig. 96, or any 
other required form of aperture. 

The objects to be examined are placed somewhere in the 
angular trough efg, between two plates of metal. At /is shown 
a moveable metal screen, with a circular hole in its middle, to 
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be clamped anywhere to the trough ; this may be used to support 
objects to be examined, or films of mica to produce retardations 

Fig. 91 b. 




between two rays polarized at right angles, or otherwise to act as 
a simple perforated screen. 

At g parts of the sides of the trough are cut away to admit 
the mounting of the compensator. 

The uses of the other parts which are drawn will be seen at 
once, and the various tube apparatus for the experiments with 
liquids, and these also at different temperatures; as well as the 
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changes in order to try the experiment (fig. 96) ; the mounting 
of the compensator, and many other experiments, it is unneces- 
sary to draw. 



The interference phenomena, exhibited when plates of biaxal 
crystals are placed at DF (fig. 83), are very various and beau- 
tiful. When the axes are much inclined, we can see only the 
rings, and the single brush of one axis at a time ; but when they 
are not much inclined to each other, we can see the lemniscate 
curves, ovals and brushes for both axes together. 

Thip plates of arragonite, say y^th of an inch thick, cut per- 
pendicular to the line bisecting the optic axes (see fig. 20), show 
the phenomena round both axes well, but not better than can be 
obtained easily with similar pieces of common saltpetre. The 
prisms of nitre on being cut across will generally be found irre- 
gularly crystallized in their interior ; but by searching, especially 
amongst the rough saltpetre, pieces will be found which are 
transparent, of regular crystallization, and of sufficient size for 
the purpose when brought close to the eye. A plate of this 
being cut perpendicular to the axis of the crystal, and the faces 
made as smooth as possible by scraping with a sharp knife, a 
sufficient polish can be obtained by rubbing with a soft wet 
cloth. This plate being cemented between two bits of thin 
window glass with Canada balsam, may be conveniently mounted 
in the ring of wood (fig. 84), like the calc-spar plate in that 
figure. 

The law of the retardation of one luminiferous surface behind 
the other, on which the interference depends, was discovered by 
M. Biot from analogy with the known law for uniaxal crystals. 
In these latter it was shown that the retardation is proportional 
to the distance BD squared, of the ray CD (fig. 85), from the 
optic axis nearly ; in biaxal crystals M. Biotfs rule is, that the 
retardation is proportional to the product of the distances dp 
and a n p in fig. 41 from the two optic axes. When the two optic 
axes are close together/ and the crystal is nearly uniaxal, the 
rule becomes nearly that for uniaxal crystals as it ought to do. 

From this rule it arises that the interference curves and 
brushes, when the plane of the optic axes coincides with either 
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of the planes of polarization or analyzation, and they are at right 
angles to each other, are like figure 92. * 

The appearances change as the plane of the optic axes is 
inclined to the planes of analyzation and polarization. When 
these latter are at right angles as before, but the plane of the 
optic axes is inclined 45° to each of them, the appearance is like 
figure 93, with the hyperbolic brushes through the axes. 



Fig. 92. 



Fig. 93. 





When the planes of analyzation and polarization are parallel, 
there are bright brushes in place of the dark ones in figures 92 
and 93 respectively, with dark curves for bright ones, and bright 
ones for dark ones respectively. 

When the optic axes are very much inclined to each other, 
which is the case in the greater number of crystals, and we can 
see only the rings around one axis at the same time, we know 
from two circumstances that the crystal is biaxal, and not uni- 
axal; first, because there is only a single hyperbolic brush in 
place of the cross of uniaxal crystals, and secondly, from the law 
of the retardations the rings are nearly F *g« 94. 

at equal distances, in place of becoming 
rapidly narrower, as in uniaxal crystals. 

With a plate of such a crystal, we have 
the oval rings and brush as in figure 94, 
when the plane of the optic axes is in- 




INTERFERENCE WITH BIAXAL CRYSTALS. 105 

clined to the planes of polarization and analyzation, and they are 
set at right angles to each other. 

When the planes of analyzation and polarization are neither 
parallel nor perpendicular to each other, there are two sets of neu- 
tral tint hyperbolic brushes, of which the asymptotes are parallel 
and perpendicular to the planes of analyzation and polariza- 
tion respectively. 

When the light is circularly analyzed or polarized, we have 
neutral tint hyperbolic brushes, and the dark curves on one side 
of them correspond to the bright ones on the opposite side ana- 
logous to the uniaxal crystals. 

When the light is both circularly polarized, and circularly 
analyzed, the brushes disappear, and the interference curves are 
seen continuous. 

In biaxal crystals generally the angle between the optic axes 
is different for the different colours of the spectrum, and hence 
the colours are separated on this account, which produces beau- 
tiful shading of the central rings. The angles between the axes 
have been found to undergo singular changes when heat has been 
applied to the crystals. 



The polarizing microscope applied to minute double refracting 
crystals, and other bodies, requires similar arrangements to those 
we have been considering; that is, the light must be polarized 
before passing through the microscopic double refracting crystals, 
and other bodies, and analyzed after. As low magnifying power 
is only required, generally, the object-glass of the microscope 
need not be achromatic, although the boundaries of the minute 
crystals are better shown when it is so. A common pocket 
microscope will show most of the objects very well. 

Any methods of polarization and analyzation may be applied, 
but the best method is to polarize the light by a Nicol's rhomb, 
as at A in figure 95, immediately below the microscopic crystals, 
&c. at C, on a plate of glass laid upon the stage of the micro- 
scope ; and to analyze by another NicoPs rhomb placed imme- 
diately above the object lens, at B, where it can be supported by 
pieces of cork within the tube. Either A or B should be 
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capable of rotation, so as to allow a change of the angle between 



the planes of polarization and ana- 
lyzation. 

Solutionsof thefollowing, allowed 
to crystallize upon a plate of glass, 
as at C, form beautiful objects; — 
salicine, nitre, carbonate of soda, 
sugar, chlorate of potash, Epsom 
salts, borax, oxalate of ammonia, 
boracic acid. 

There are many other objects 
which are best studied in the po- 
larizing microscope; such as the 
starch globules of potatoes, thin 
laminae of agates, many vegetable 
and animal structures. 

With some of the above objects 
the effects are much improved by 
placing a thin plate of selenite im- 
mediately under the object. 

The microscope employed as 
above furnishes some of the most 
splendid appearances which can be 
witnessed. 



Fig. 95. 




ON INTERFERENCE WITH LARGE RETARDATION. 

In the double refracting plates which have been considered, 
the thickness was such that the retardation was not a great 
many multiples of the interval \, for when the thickness was 
more considerable, the colours became so mixed that only faint 
alternations of colour were seen, and when greater still the effects 
of interference were imperceptible. By viewing many such cases 
through a prism, according to the method of MM. Fizeau and 
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Foucault, the interference will be seen in the proper circum- 
stances. 

In polarized light, if a thick slice of a crystal, such as selenite 
or quartz, be placed in the ordinary way between the polarizing 
and analyzing plates, it will appear to have only depolarized the 
incident light ; but if the originally polarized light be restricted 
to a narrow line, as in figure 96, then on examining the analyzed 
light through a prism, the visual spectrum will appear as in the 
figure, made up of bright and dark bars, which are more numerous 
as the thickness of the crystalline plate is greater. 



Fig. 96. 




^^= 
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If the analyzation is made with a double image rhomb, the 
two prismatic spectra are seen at the same time, and it is easily 
seen that the tints, which are in a state of bright interference in 
one, are in a state of dark interference in the other. On a rota- 
tion being given to the plane of polarization, the bars will be 
found to ascend or descend in the spectra according to the 
direction of the rotation. 
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CHAPTER IV. 

ON PHOSPHORESCENCE AND PHOTOMETRY. 

The property of phosphorescence, which we here consider, must 
be distinguished from combustion, incandescence, the luminosity 
of insects, &c., by its being derived from the exposure of the 
phosphorescent body to light only. The existence of this pro- 
perty is shown by light being dispersed around the body, either 
whilst under illumination, or for some time after the body has 
been removed into the dark. 

Sir Isaac Newton mentions* the singular appearance of a 
tincture of lignum nephriticum, and some sorts of glass, which 
in daylight reflect some colours, and transmit others. Bologna 
phosphorus, Canton's phosphorusf, and some diamonds, retain 
their phosphorescence for a considerable time after being exposed 
to sunlight. 

Many bodies have been found which shine J from two to eight 
seconds after removal from the sunlight into a dark room. 
Borax amongst salts, cotton and fine loaf-sugar amongst vege- 
table substances, egg-shells and shells of fish amongst animal 
substances, were found to possess this property in a considerable 
degree. 

It was noted by Morgan (Phil. Trans, for 1785) that the more 
refrangible rays, or violet end of the spectrum, were most con- 
nected with phosphorescence. 

Sir John Herschel observed that the violet end of the pris- 
matic spectrum could be traced much farther when thrown upon 
a paper which was slightly tinged with turmeric. To the blue 
colour dispersed from a solution of disulphate of quinine, and 

* « Opticks/ pp. 107, 162, and 227. 

f Phil. Trans, for 1768. 

X 'De quamplurimis Phosphoris nunc primum detectis commentari us.' 
Auctore Jac. Barthol. Beccario. Bolognia, 1744. An account of the above, 
Phil. Trans. 1746. t 

\ 

\ 
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similar cases, he gave the name of epipolic or superficial disper- 
sion ; but this name is not quite correct, for on examination it is 
found that the effect is that of an internal dispersion. This is 
well seen in a case discovered by Sir David Brewster; if we put 
green leaves of plants into alcohol, we obtain a tincture of chlo- 
rophyle, then allowing the beam of sunlight, condensed by a 
convex lens A in figure 97, to fall upon the solution, we see a 
bright red dispersed light from the 
conical beam as it passes through the ^S- ^' 

liquid, which, though brightest near 
the surface of the liquid, is still not 
entirely superficial. Professor Stokes A^^ 

has more recently pursued the sub- 
ject, and found many substances 
which possess this property in a high 
degree, which have enabled him to 
trace the fixed lines of the solar 
spectrum for the invisible chemical rays. Amongst these sub- 
stances, the Canary glass or Uranium glass, which is very common 
in fancy glass work, has the property in a high degree. A piece 
of this glass placed in the prismatic solar spectrum in a dark 
room appears quite transparent in the red light, and opaque in 
the violet rays. Paper written upon with tincture of sesculine, 
prepared from horse-chestnut bark, exhibits the letters luminous 
in the violet and chemical light of the spectrum. An easy pre- 
paration to make is the following : bruise some seeds of the 
thorn-apple {Datura stramonium), and macerate them for some 
time in strong spirit of wine, rather more than will cover them. 
Paper written upon with this tincture shows very beautifully the 
phosphorescent writing in the violet and photographic, or che- 
mical rays beyond the violet. They are well seen also in a dark 
chamber where only rays passing through blue glass are allowed 
to enter; the writing shining out brightly in the light which 
passes through such glass. 

The internal and superficial dispersion is shown strongly from 
an infusion of red sanders wood, which can be procured from 
the shops where dyeing drugs are sold. The wood in powder 
being infused in water for some time, we obtain a slightly 
coloured infusion, which being taken from the wood, and then a 
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small quantity of liquid ammonia being added, it shows a 
brownish transmitted light, and a strong blue dispersed light. 

Dichroism. 

In many double refracting bodies the two beams are differently 
coloured, and the effect is called dichroism*. Some cases have 
been discovered in which three and more colours are exhibited 
by the same body in different circumstances. These interesting 
and singular phenomena indicate molecular actions of the bodies 
upon light, of which we are not yet in a sufficiently advanced 
state of optical science to form any correct judgement ; they are, 
however, only a part of a general property that some colours are 
reflected and dispersed, some absorbed and extinguished, whilst 
others are transmitted in a manner peculiar to each body. 

Photometry. 

There is no property of light which requires more frequently 
to be considered in Physical Optics than intensity or brightness. 
The whole phenomena of interferences depend upon the different 
intensities exhibited in different parts of the interfering beams ; 
and the light reflected and transmitted at the surfaces of bodies 
involves the quantity out of a given incident beam, which is 
subject to the one or the other of these effects. The rules for 
the intensities in some cases have been mentioned in previous 
pages, as Malus's rule for the intensities of double refracted 
beams, and the interference intensities in Newton's transmitted 
rings. The rules for the intensity generally involve mathe- 
matical expressions, which cannot be admitted into a popular 
treatise, but will be found in the second part of this work, which 
is devoted to a mathematical discussion of the subject. 

Bouguer first appears successfully to have measured the inten- 
sities of the illumination in several cases, and in his work, 
' Traiti, d'Optique,' gives us numerous ingenious forms of photo- 
metersf adapted to different cases. 

In some cases he examined the result experimentally with 
care, but was too prone to investigate rules from a few cases, and 

* See Brewster's ' Optics,' edition of 1853, p. 353. 
t See also Priestley's ' History of Vision.' 
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then to interpolate for intermediate cases. Amongst the cases 
on which he bestowed care was the reflexion of light at the sur- 
face of water at a very oblique incidence. The light falling at 
an inclination exceedingly small (or an incidence of nearly 90°) 
upon water, he found three-fourths of the incident light to be 
reflected. The light reflected by mercury he found to be about 
three-fourths of that incident. 

Lambert in his ' Photometria' was still more inclined to gene- 
ralization than Bouguer, and has added nothing important to 
the experimental foundation of the subject. 

Count Rumford* paid some attention to photometry, but has 
added nothing important to Bouguer*s results. 

Sir William Herschel, in a paper in the Phil. Trans, for 1800, 
has left us the important result of the quantity of light reflected 
by the mirrors of his reflecting telescopes, as measured by a 
method given by Bouguer. He found that his excellent specula 
reflected at an incidence nearly perpendicular 67.262 rays out of 
every 100 rays incident upon them. 

The author, in the year 1830, wishing to compare the polish 
of his specula, the making of which had been his favourite 
amusement in leisure hours for many years f, with those of Sir 
William Herschel, studied the method of best improving the 
photometer to adapt it to the purpose. 

The annexed figure represents the form of the instrument 
found to be the best. An up- „. 9g 

right screen AB had an aper- 
ture in it, ab ; this aperture was 
covered with the thin tissue 
paper used to take copies of 
written letters under the copy- 
ing press. An upright piece of 
pasteboard CD, 50 inches long 
and 4 inches high, bisected the 
aperture ab, and was firmly 
fixed to a horizontal piece of 
wood along its middle ; DE represents the half of this horizontal 
piece. On each side of the upright piece CD a sliding piece of 

* Phil. Trans. 1794. 

t Brewster's Edinburgh Journal of Science for 1830, vol. iii. p. 278. 
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wood de carried a lamp, and the observations were made by 
judging of the equality of the illuminations upon the tissue paper 
from behind the screen AB, each half of ab being illuminated by 
its respective lamp. A long strip of wood cd, fastened to de, 
and passing through an opening in the screen, served to move 
backwards and forwards the lamps from behind AB, without 
need of taking the eye from the shade of the screen into the 
stronger light of the lamp, and thereby diminishing its sensitive- 
ness. Divisions being marked on the strips, the distances of the 
lamps from ab can be read off by means of a dark lantern kept 
at hand for the purpose. The upright piece CD should be black- 
ened on both sides, and on the side of which readings of the 
distances of the lamp require to be made, it should be covered 
with black cotton velvet as the darkest of all blacks. 

Figure 99 represents the photometer as seen from above, the 

Fig. 99. 




letters referring to the same parts as in fig. 98 ; also / and g show 
the small lamps, upon the slides attached to the graduated strips 
of wood. 

Figure 100 represents one of the slides with the small lamp 

Fig. 100. 



Jrnm 



L upon it. A mirror hk on a support attached to the slide may 
be put in such a position that the light from L may be reflected 
in the direction of the arrow to the screen at the desired inci- 
dence. The light direct from the lamp, or that which has been 
reflected by the mirror, may be allowed to shine upon the screen 
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successively by employing a rectangular blackened screen Imn, 
which, on being turned round 90°, shuts off the direct light, or 
the reflected light as required; and this is easily performed 
without bringing the eye into the strong lamp light by means of 
two threads from I and n carried to the screen AB. 

The lamp g on the other side of the upright pasteboard is only 
for the purpose of comparison ; thus, let the lamp / be at 40 inches 
from AB, and let the lamp g be moved until they give equal 
illuminations upon their respective halves of the tissue paper ab. 
This equality, with some practice, can be judged of with con- 
siderable accuracy when the eye looks upon the tissue paper 
behind the screen, and is kept out of the stronger light. The 
photometer must of course be used in a room without any other 
light than its own. The lamps being found to burn steadily, the 
screen Imn may be turned to cut off the direct light, and allow 
the reflected light to fall upon the Screen. It will now be found 
that the illumination is much feebler than with the direct light, 
and the lamp and mirror must be drawn nearer in order to pro- 
duce an equal illumination to that of the lamp g ; let this distance 
be 34 inches, then since the illumination was the same in both 
cases, by the rule for photometry*, the light reflected was to the 
direct light as 34 squared to 40 squared, or the mirror reflected 
about 72 rays out of every 100 rays incident upon it. The light 
transmitted by plates of glass is easily determined by slight 
modifications of the slide de. 

The greatest difficulty found by the author was to obtain 
lamps with small but bright flames, which would burn steadily 
for some time. He adopted shallow circular cups with a bridge 
across, having five holes, of which the middle one furnished air 
to the interior of the flames, which arose from four small wicks 
which passed through the other four holes, as marked at L 
(fig. 100). 

The experiment may be now performed with much less 
labour, by using larger reflecting surfaces, and the candles which 
consume their wicks. The improved candles give a very uniform 
light, by taking care that the curve of the burning wick is always 
curved in the same direction in the photometer. 

When the reflected light is feeble, as for instance that from 
glass at an incidence of 10°, 20°, or 30°, there is always a di- 
* The author's treatise on Geometrical Optics, part 1. p. 12. 
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spersed light from the parts about the lamp, however well black- 
ened, which produces a light upon the tissue paper of consider- 
able amount when the lamp is drawn near. This extraneous 
light must be determined and allowed for in order to have the 
true reflected light. 

Using these methods, the light reflected by crown, plate, and 
flint-glass were found at the various incidences to be very nearly 
as in the table below ; the actual quantities found are given in 
Brewster's Edinburgh Journal of Science for 1881, vol. iv. p. 53. 
The quantities in the table are calculated by a rule, which will 
be found in the second part of this work, and in the above- 
named paper. 

Table of the number of rays of light reflected out of 100 rays 
incident, by different kinds of glass at the first surface. 



Angle of 
incidence. 


Crown-glass, 

specific gravity 

2.541. 


Plate-glass, 
2.511. 


Flint-glass, 
3.225. 


8 

10 
20 
30 
40 
50 
60 
70 
80 
85 
90 


3.452 

3.608 

3.837 

4.189 

4.767 

5.810 

7.964 

13.448 

32.396 

56.202 

75.776 


3.380 

3.546 

3.790 

4.164 

4.778 

5.882 

8.155 

13.891 

33.155 

56.204 

74.261 


3.615 

3.819 

4.117 

4.574 

5.320 

6.656 

9.369 

16.015 

36.422 

57.559 

72.074 



The light reflected by a highly polished metallic mirror is great- 
est at a perpendicular incidence, and contrary to the case of trans- 
parent bodies, it decreases as the incidence becomes more oblique. 

A new and highly polished mirror of speculum metal, for the 
plane mirror of a Newtonian telescope, of which the author 
measured the reflective power, gave the following results : — 



Angle of 
incidence. 


Rays reflected 
of 100 incident. 


o 

20 
40 
60 


69.45 
66.79 
64.91 
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These, with many other experiments, showed clearly that, con- 
trary to the case of transparent bodies, the light reflected by 
highly polished metals is greatest at a perpendicular incidence. 
On investigating the law, the author found the above to be a 
part of the series in the following table : — 



Angle of 


Rays reflected 


incidence. 


of 100 incident. 


o 




72.3 


10 


70.85 


20 


69.43 


30 


68.11 


40 


66.91 


50 


65.87 


60 


65.03 


70 


64.41 


80 


64.04 


90 


63.91 



A highly polished steel mirror gave "the following results : — 



Angle of 
incidence. 


Rays reflected 
of 100 incident. 


o 

10 
30 
50 


60.52 
58.69 
54.96 



These show that the above law is not peculiar to speculum 
metal. 

The results at the highest incidences being probably connected 
by some law applicable to all bodies, the author sought for the 
connexion in the specific heats of the substances taken for equal 
bulks, and found the following corroborative results : — 



Substance. 


Specific 
gravity. 


Refractive 
index. 


Specific 

heats for 

equal bulks. 


Reflexion at 
the highest 
incidence. 


Flint-glass 

Plate-glass 

Crown-glass ... 
Speculum metal 
Steel (hard) ... 


3.225 
2.511 
2.541 
8.9 

7.8 


1.570 
1.517 
1.524 


.43 
.39 
.38 
.67 

.88 


72.07 
74.26 
75.77 
63.91 
53.60 



which show that the light which a highly polished surface reflects 
at the highest incidence, is less as its specific heat is greater. 

i2 
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When the reflecting surfaces can be obtained of sufficient size, 
the preceding method of photometry would be employed, but 
there are many substances of which we may wish to know the 
reflective power which can never be obtained of sufficient size 
for that purpose. In these cases a comparison with the reflexion 
of glass will give us their reflective power by employing a com- 
parative photometer. 

By means of an instrument of this kind*, of which an im- 
proved form is given further on, it was found that diamond at 
10° incidence reflected light the same in brightness, with crown- 
glass at 64° incidence nearly, or the diamond reflected 9.5 rays 
of every 100 incident, or nearly three times as much as glass. 
According to the undulatory theory, the number of reflected 
rays ought to have been twice as many nearly as they were 
found to be. 

Selenite was found to reflect almost exactly the same as crown- 
glass; but mica, Iceland spar, rock-crystal, amethyst, and 
emerald reflected more, namely, 3.7 to 3.8 rays of every 100 
incident, at an angle of incidence 5°. 

By polishing glass of antimony f with fine prepared red oxide 
of iron on a polishing bed of soft pitch, the author got a flat piece 
of high polish which enabled him to compare its reflective power 
at a series of incidences with that of crown-glass. The expe- 
rimental results differed but little from the following, calculated 
by the formula found for glass, but with the appropriate con- 
stants, as given by the experiments. 





Glass of anti- 


Angle of 


mony reflects 


incidence. 


rays of 100 in- 




cident. 


o 







8.20 


10 


8.36 


20 


8.60 


30 


8.98 


40 


9.59 


50 


10.68 


60 


12.93 


70 


18.52 


80 


36.65 


85 


57.07 


90 


72.20 



* Phil. Mag. for Sept. 1832. 



t Ibid, for Jan. 1834. 
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The polarizing angle of glass of antimony was 65° nearly, 
which gives the refractive index 2.1 or 2.2, and the light 
reflected according to the undulatory theory should have been 
13.33 rays of every 100 incident at a perpendicular incidence, 
whilst it was found to be only 8.2 rays by experiment. 

To form a comparative photometer, take a square piece of 
wood EP (fig. 101), and finding its center c, make a circular 
groove around it. Take a 
rectangular piece of paste- 
board about 4 inches broad, 
and bend it round into a 
cylindrical form ABCD, so 
that its lower edge may fit 
tightly into the groove. The 
upper part may be kept to 
the size and shape by a ring 
of wire, or other means. If a lamp, of which the flame is /in 
the figure, be fixed on a support, so that the flame is exactly in 
the axis of the cylinder, then every part of the cylindrical surface 
of the pasteboard will be equally illuminated. Let there be now 
a pivot in the center c of the groove, about which two arms ca 
and cb turn ; and let them be made so as to carry the reflectors, 
which have to be compared, as for instance cd and ce. If we 
look through a hole in the pasteboard, as at g, we shall see the 
light coming from the reflectors cd and ce to be generally un- 
equal. Suppose one of the reflectors cd to be crown-glass, black- 
ened at its further surface, and ce some surface which reflects 
more at a perpendicular incidence than crown-glass does at that 
incidence, but less than crown-glass does at a high incidence. 

Then when both are set to reflect to the eye the light coming 
from the parts of the pasteboard near g, that from ce will appear 
the brightest, but by inclining the other cd, we may bring the 
reflexion from it to equal that from ce. Now the angle of inci- 
dence upon each of the reflectors is easily got by having the 
inner edge of the circular groove graduated into degrees, and 
parts of degrees, for it equals half the arcs through which the 
arm ca or cb has been turned from the place where the reflexion 
of the eye-hole g was seen in the reflectors. 

Hence knowing the intensity of the reflexion from crown-glass 
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at any incidence, we find that for the other substance at a given 
incidence, since in the experiment they were brought to be 
equal. 

The comparative photometer serves also to measure the rela- 
tive intensities of the transmitted Newton's rings in homoge- 
neous light ; for making cd and ce both of the same crown-glass, 
and taking one to represent a dark ring, we can turn the other 
to a more oblique incidence until it represents the bright ring ; 
and then knowing the reflexions from the glass, we have the 
relative intensities of the bright and dark rings. In this man- 
ner the author first determined the ratio of the intensities, as 
given in Chapter III., which he afterwards confirmed by another 
very different method, as there described. 

Another experiment of considerable interest was the follow- 
ing : — one face of a thin rhombic plate of calc-spar being coated 
with black sealing-wax varnish, the reflexions of the opposite 
face were compared with the reflexion of crown-glass, and the 
results of the table were obtained when the planes of incidence 
were along the shorter and longer diagonals of the rhombic face. 



Angle of 
incidence. 


Angle of incidence on crown- 
glass when the reflexions 
were equal. 


For the plane 

of the shorter 

diagonal. 


For the plane 

of the longer 

diagonal. 


o 
5 

10' 
57 
57 


22.0 
25.4 
61.6 
61.7 


o 

21.7 
25.1 
59.1 
59.8 



These results are worthy of note, as showing that the inten- 
sity of the reflected light depends on other quantities besides the 
refractive index and angle of incidence, because the refractive 
index, as given by Brewster's law for the polarizing angle, was 
greater along the longer diagonal than along the shorter one. 



There are many other phenomena often considered as belong- 
ing to Physical Optics, as well as details upon subjects which 



REFLEXION BY CALC-SPAR. 119 

have been discussed, which are not noticed in this treatise. It 
has been the author's plan to present to the student the essential 
bases of the science, rather than to embarrass him with the 
minute details in many cases ; but he trusts that the references 
given will suffice to indicate where these details in the different 
subjects will be met with, by those wishing to pursue the study 
of the science more completely. 



THE END. 
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BY THE SAME AUTHOR. 
I. 

An Elementary Treatise on Optics. Fart I. 

Containing all the requisite Propositions carried to First Approximations, 
with the construction of Optical Instrument^ for the Use of Junior 
University Students. Second Edition. 8vo. 9s. 6c?. cloth, 
Thb object of the author is to divide geometrical optics into two parts, of which this 
treatise forms the first. Its subject comprehends the essential propositions of the 
science, and their application to the theory of optical instruments and the structure 
of the eye, presented in an elementary form (with examples for exercise), so as to be 
attainable by students not very far advanced in mathematics. The higher parts 
requiring the knowledge of the differential calculus, are reserved for another work. 

After laying down the general laws of reflection and refraction, and explaining the 
construction of photometers, the author proceeds to the reflection of light by plain and 
curved mirrors; the refraction of light by plane and curved surfaces, the properties of 
lenses, and the formation of images, chromatics, or the analysis of solar light, and the 
nature of achromatic glasses; and the structure, power, and defects of the eye. The 
work concludes with a full account of the different forms of telescopes and microscopes 
(including the solar, oxy-hydrogen and luccrnal microscopes), and the construction of 
various other optical instruments; among others, Hadley's sextant, the optical square, 
the screw micrometer, and Wollaston's doublet and goniometer. The camera obscura 
and its use in photography are also explained 

II. 

An Elementary Treatise on Optics. Fart II. 

Containing the Higher Propositions, with their application to the more 

perfect form3 of Instruments. 8vo. 12s. 6d. 
This volume contains the discussions of direct and oblique pencils to the higher 
approximations according to previously known methods. Also new discussions of the 
aberrations of oblique pencils and the forms of the images produced; together with the 
application to the theory of Optical Instruments. Many other new investigations will 
be found in the volume. 

in. 
An Elementary Treatise on Mechanics, 

For the Use of the Junior University Students. Third Edition. 8vo., 
with numerous Diagrams. 8s, 6d. cloth. 

This work, the subject-matter of which i3 treated according to the modern method of 
teaching mechanics, is adapted to students commencing natural philosophy, and may 
be mastered by those who are moderately acquainted with algebra, geometry, and plane 
trigonometry. The propositions are demonstrated analytically; and, at the close of 
each section, examples are given, with a view of preparing the student for applying 
the general analytical methods, of which he is put in possession, to the solution of the 
new problems which he may meet with, relating to the different departments of the 
subject The work thus forms an advantageous introduction to more profound inves- 
tigations. 

Although the term " mechanics," in its wider sense, comprehends hydrostatics and 
hydrodynamics, in this work statics and dynamics alone are presented to the reader, as 
being its more elementary subdivisions. All the fundamental formulae of those sciences 
arc proved and illustrated. In statics, after the composition and resolution of forces, 
the learner is made acquainted with the theory of statical couples, the properties of the 
centre of gravity, the mechanical powers and their combinations, the application of the 
principle of virtual velocities to the mechanical powers, and the laws of friction. In 
dynamics, the parallelogram of velocities is demonstrated, and the theory of impact 
explained (accompanied by a table of the comparative elasticities of bodies) with that 
of accelerating forces, projectiles, and constrained motion — the latter including the 
cycloidal pendulum, and a problem on railway curves. 
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Messrs. Elliott, Brothers {late Watkins and Hill), 
Charing Cross, London, keep the following Polarising 
Apparatus. 

Calc Spar Plates, cut perpendicular to the axis . . 4*. to 6*. 
Tourmaline Plates . . . . . . 2s. Od. to 21$. 

Nichol's Rhombs 7*. 6c/. to 18*. 

Double Image Rhombs 10*. 6c?. to 16*. 

Mica (in Plates) 6<£. to 3*. 

Topaz (in ditto) . . . . . . . 2s. to 7s. 

Arragonite (in Plates cut and polished and Crystals) . 4s. to 7s. 

FresnePs Rhombs 14*. to 30*. 

Unannealed Glass in various forms ... Is. 6d. to 5*. 

Selenite Designs 2*. 6d. to 21*. 

Plates of Glass optically worked . . . 5*. to 30*. 

Rhombs of Calc Spar (real Iceland Spar) . . 1*. 6d. to 15*. 
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Professor F. W. Newman — The Iliad of Homer, 

faithfully translated into unrhymed Metre. By Francis W. Newman, 

Professor of Latin in University College, London. 1 vol. crown 8vo. 

6s. 6d. cloth. 

The Author of this Metrical Version of the Iliad has rejected rhyme as incompatible with 
faithfulness of translation, and blank heroic verse as requiring a uniform elevation unsuited 
to the Ballad style of Homer, which, often quaint, is sometimes even coarse, and by no 
means always lofty and dignified. He has adopted a metre of the same genius as the old 
English ballad, and identical with the modern Greek epic, as best capable of representing in 
an English dress every peculiarity of the original. 

The Homeric dialect being essentially archaic, the translator sometimes avails himself of 
antiquated Saxon words, and restores a Saxo-Norman structure of sentences, which, though 
old-fashioned, is intelligible and expressive. 

Although addressed solely to the English reader, in the hope of giving him a more ade- 
quate idea of the genius and style of Homer, the translation may not be wholly useless to 
the learner in Greek, since it is generally far more literal than the current translations of 
Greek prose writers. 

Dr. L. Schmitz. — A History of Rome from the Ear- 
liest Times to the Death of Commodus, a.d. 192. By Dr. L. Schmitz, 
F.R.S.E., Rector of the High School of Edinburgh, Editor of "Niebuhr's 
Lectures." Sixth Edition. Illustrated by One Hundred Engravings 
on Wood. 12mo. 7s. 6d. cloth. 

The immense progress made in investigating Roman history and antiquities within the 
last thirty or forty years, having materially altered the whole complexion of that study, has 
rendered indispensable a new manual for the use of schools, removing the old errors and 
misconceptions which have long since been exposed and exploded by scholars. This com- 
pendium is designed to supply the want, by condensing and selecting out of a voluminous 
mass of detail, that which is necessary to give rather a vivid picture of the leading epochs 
of the history, than a minute narrative of the particulars recorded in the authorities. The 
author has availed himself of all the important works on the whole Roman history, or portions 
of it, which have appeared since Niebuhr gave a new life and new impulse to the subject. 
The period embraced by the work is from the earliest times to the death of Commodus, 
when the moral degradation of the empire reached its utmost limit A copious table of 
chronology, and indexes are added. The present edition is illustrated by very numerous 
engravings on wood of public buildings, statuary, and other remains of antiquity. 

Questions on Schmitz's History of Rome. By John 

Robson, B.A. 12mo. 2*. cloth. 

Dr. Smith. — A History of Greece, from the Earliest 

Times to the Roman Conquest. With Supplementary Chapters on the 

History of Literature and Art By William Smith, LL.D. New 

Edition. Illustrated by One Hundred Engravings on Wood. Large 

12mo. 7s. 6d. cloth. 

This work, intended principally for schools, diners from the old school histories of Greece in 
supplying the student, instead of a dry detail of events frequently unimportant, with a vivid 



picture of the main facts of Grecian history, and of the leading characteristics of the political 
institutions, literature and art of that people. 

The author aims at giving a clear and accurate account of the most recent results of anti- 
quarian scholarship, narrating at length the more important events, and bringing out pro- 
minently the characters and lives of the great men or the Greek states. 

The history of literature and the arts is recorded at considerable length ; so that the 
student may be made acquainted not only with the revolutions of communities, but with 
what is of much more intrinsic importance — the history of the production of the imperishable 
remains of ancient literary and artistic taste. 

Numerous pictorial illustrations are interspersed, consisting of plans of countries, cities, 
and battles ; views of public buildings ; and engravings of ancient sculptures and other 
authentic remains of antiquity. 

Dr. Latham. — The English Language. By Dr. E. Gr. 

Latham, F.R.S. Fourth Edition. 2 vols. 8vo. £1 8s. cloth. 

In the present enlarged edition, the first volume is occupied chiefly with discussions on the 
German origin of the English language. The student of English philology will here find 
ample details connecting the foundations of old English speech — "the welb of English un- 
defined " — with the continental languages of ancient times. By copious proofs from classical 
and antiquarian sources, the author defines the geographical and ethnological limits within 
which each Germanic dialect was spoken ; and, in this particular, the work presents what 
may be called a Philological Geography of Germany, tracing the areas occupied by the 
several Teutonic races. The student of German and Anglo-Saxon is thus directed to the 
authentic sources of the knowledge conveyed to him in the copious dissertations on the 
affinities of early English with its mother •dialects, which he will find in the work. In this 
section much curious information is given, respecting the initial and final forms, and the 
other variations, of appellatives ; and the origin of many names of persons and places is 
traced. 

The varieties of idiom, originating in different provinces, are exemplified by quotations 
and specimens from each country and period, to enable the student to account for the stages, 
the relations, and the divergency of English peculiarities derived from a multitude of other 
languages. The student is introduced to comparisons with the Dutch, the High-German, 
the Danish, the Swedish, the Norse, and the Icelandic languages. There are also disquisi- 
tions, accompanied with extended specimens, on the British and Gaelic branches of the 
Keltic stock of languages; comprehending the Cornish, Welsh, Armorican, Irish-Gaelic, 
Scotch-Gaelic, and Manks tongues. A separate chapter relates to English affinities trace- 
able in the Greek, Latin, Italian, Piedmontese, Spanish, CatalOnian, Portuguese, French, 
Yaudois, Romanese, Enghadin, Rumango, Provincial French, Provencal and Anglo-Norman. 

An interesting chapter, treating of the affiliation of dialects of the English, contains a view 
of provincial forms of speech at present existing ; amongst others, the peculiarities of Somer- 
setshire, Devonshire, Gloucestershire, Dorsetshire, the Isle of Wight, Lancashire, Cumberland, 
Northumberland, Yorkshire, Derbyshire, Cheshire, Stafford, and the Eastern counties. 
There is also a section on Americanisms. 

On the whole, the inspector of these volumes, in glancing at the contents and turning ovef 
the leaves, can scarcely fail to conceive the impression that they contain an Encyclopaedia of 
information on the origin, the laws, the peculiarities, and the powers of the English lan- 
guage, whether regarded in a popular or in a literary point of view. 

An Elementary English Grammar, for the Use of 

Schools. By Dr. R. G. Latham, F.R.S., late Fellow of King's College, 
Cambridge. Sixth Edition. 12mo. 4s. 6d. cloth* 

" It is a work in which grammar, no longer an assemblage of conventional rules of speech, 
becomes a philosophical analysis of our language, and an elementary intellectual exercise, 
adapted to the highest purposes of instruction." — Minutes of the Council of Education, Vol. J. 

A Handbook of the English Language, for the Use 

of Students of the Universities and Higher Classes of Schools. By 
Dr. R. G. Latham, F.R.S. Second Edition. 12mo. 7s. 6d. cloth. 

The object of the " Hand-book" is to present to students for examination, in a more con- 
densed form, the chief facts and reasonings of "The English Language." Less elaborate 
than that work, it is less elementary than the u English Grammar." Like all the other 
. works by the same author, it gives great prominence to the ethnological relations of our 
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tongue ; and insists upon historical investigation, and the application of the general princi- 
ples of comparative philology, as the true means of exhibiting its real growth and structure, 
in opposition to the more usual method of treating it as a mass of irregularities. It has the 
further object of supplying a knowledge of those laws of speech and principles of grammar 
which apply to language generally. 

The New Testament Quotations, Collated with the 

Scriptures of the Old Testament in the original Hebrew, and the 
Version of the LXX. ; and with the other writings, Apocryphal, Talma* 
die, and Classical, cited or alleged so to be. With Notes and » complete 
Index. By Henry Gough. 8vo. 1 6#. 

This thick and closely printed volume is intended to present a complete arrangement, in 
parallel columns, of the very numerous quotations from the Hebrew Bible and from the 
Septuagint, contained in the Greek Testament, The Hebrew texts and the Greek of the 
New Testament are accompanied by the Authorised English Version, and the passages from 
the Septuagint — which are given in the Vatican text— by an original translation. 

The object of the work is not only to facilitate the study of scripture parallels, and thus 
aid the student in the contemplation of the marvellous unity of design pervading the 
scriptures as a whole ; but, through the medium of the Septuagint Version — from which a 
large body of the quotations contained in the New Testament are taken verbatim — to exhibit 
prominently that most important link between the Hebrew of the Old Testament and the 
Greek of the New. The comparison of the Hebrew with the Septuagint also affords means 
of judging of the purity of the Hebrew text. 

Iti 



t is believed that this work contains the first arrangement of all the passages of the New 
Testament entitled to be regarded as citations, whether from Moses and the Prophets or 
from profane writers. The author understands by the term "Quotations" not only the 
direct and formal extracts from pre-existing writings, but likewise passages which are 
substantially quotations, though not so in form. The matter is ranged under four heads :— 
(I s ) Quotations from the Old Testament ; (2) Alleged quotations from Apocryphal books ; 
£33 From ancient Jewish writings; and (4) Prom Greek Poets, etc 

The volume concludes with an Appendix of Notes, intended to aid in the reconciliation of 
some discrepances, the removal of difficulties, and the indication of remarkable parallels. 

The uses of the work may be briefly stated thus: — 

1. As affording conclusive evidence of the genuineness and inspiration of the Scriptures; 

2. As illustrating the condition of the original text ; 

3. As explaining ancient types, histories, and predictions ; 

4. As sometimes supplying, by the comparison of a quotation with the original passage 

and its context, a demonstration of the truth of some great article of faith ; 

5. As supplying an indispensable link between the Old Testament and the New, and as 

often throwing much light upon many passages and texts from the comparison of 
parallels and contexts. 

Guesses at Truth. By Two Brothers. Cheaper 

Edition. With an Index. 2 vols, foolscap 8vo. 10$. cloth lettered. 

" I herb present you with a few suggestions, the fruits, alas! of much idleness. Such of 
them as are distinguisht by some capital letter, I have borrowed from my acuter friends. 
My own are little more than glimmerings, I had almost said dreams, of thought : not a word 
in them is to be taken on trust* 

"If then I am addressing one of that numerous class, who read to be told what to think, 
let me advise you to meddle with the book no further. You wish to buy a house ready 
furnisht : do not come to look for it in a stone-quarry. But if you are building up your 
opinions for yourself, and only want to be provided with materials, you may meet with 
many things m these pages to suit you. Do not despise them for want of name and show. 
Remember what the old author says, that ' even to such a one as I am, an idiota or common 
person, no great things, melancholizing in woods and quiet places by rivers, the goddess 
herself, Truth, has oftentimes appeared. 

" Reader, if you weigh me at all, weigh me patiently ; judge me candidly ; and may yon 
find half the satisfaction in examining my Guesses, that I have myself had in making 
them."— To the Reader. 
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The Elements of Rhetoric ; a Manual of the Laws 

of Taste, including the Theory and Practice of Composition. By Samuel 
Nbil. Crown 8vo. As. 6d. cloth. 

The design of this treatise is to popularise the study of rhetoric, by uniting strict philo- 
sophical accuracy of thought with a familiar mode of exposition. 

After denning the province of rhetoric, and explaining its utility, the author proceeds to 
investigate the origin of language, and of the various parts of speech, including the 
philosophy of general grammar. The history and structure of the English language occupies 
a separate section, in which are explained the modifications it has undergone by the in- 
fluence of the distinct races who have successively inhabited the island. The subject of 
style is copiously dwelt on, and the component qualities of a good style are severally 
analysed and illustrated, and rules and aphorisms respecting diction are deduced. The 
work proceeds to treat on the imaginative faculties, comprehending the sources ofpoetic 
taste, and the logic, science* and characteristics of poetry and poetical language. This is 
followed by a chapter on the emotions, another on literary Aesthetics, and by several 
chapters on figurative expressions. The sources of the ludicrous, of wit and humour, are 
then traced. 

The subject of method, in written compositions, and in orations adapted to the senate, 
the bar, the pulpit, and the platform, are next considered. Rhetorical is distinguished from 
logical method, and the partitions of oral and written discourses are laid down. 

Throughout this work, which embraces a great variety of topics, summaries of the prin- 
ciples are added in the form of axioms at the dose of each subject. Several analytical or* 
synoptical tables are given ; for example, of the passions, the figures of speech, the principles 
of proof; the appetites, desires, affections, passions, etc. 

Numerous illustrations, drawn from modern English poets, are interspersed ; and under 
meat heads are given Hsts of authors whose works may be consulted for further or more 
minute information. 

Niebuhr's Lectures on Ancient Ethnography and 

Geography; comprising Greece and her Colonies, Epirus, Macedonia, . 
Blyricum, Italy, Gaol, Spain, Britain, the North of Africa, etc. Trans- 
lated by Db. L. Schmitz. 2 vols. 8vo. 21$. doth. 

The subject-matter of these volumes embraces the classical'oountries of antiquity, and the 
whole range of nations connected with them by literature ox by history. The general pur- 
nose of the lectures is to convey precise notions of the geographical boundaries — the political 
limits and constitutions — and the natural features, the population, and the productions — of 
all the places mentioned in Greek and Latin authors. They also describe the ancient races 
ef Greece and Italy, and trace their minutest subdivisions, with especial reference to their 
early migrations, and their later colonial establishments. 

Although the work is not in the dry form of a dictionary, but forms a continuous and 
harmonious narrative, its copious Index of Names, occupying 25 pages with double columns, 
renders its stores of information available for immediate consultation by the scholar. 

Niebuhr s Lectures on the History of Rome, from 

the earliest times to the Fall of the Western Empire. Edited by 
Dr. Scmhitz. Third Edition. Three volumes, 8vo., with Portrait. 
£1 4*. cloth. 

Niebuhr's Lectures on Ancient History, from the 

earliest times to the taking of Alexandria by Octavianus. Edited from 
the German by D*. L. Schmitz, 3 vols. 8vo. £1 11*. 6d. cloth. 
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